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Microtubules are cytoskeletal polymers that cycle through polymerization and depolymerization, 
a phenomenon known as dynamic instability. This behavior is essential for basic cellular 
functions such as cell division, migration, and morphogenesis. Microtubule dynamics is tightly 
regulated by two broad mechanisms: 1) intrinsically by tubulin isotypes or tubulin post-
translational modifications and 2) extrinsically by various microtubule effectors. While many 
studies have helped us understand how effectors tune microtubule dynamics, we still do not have 
an understanding of how tubulin isotypes affect microtubule dynamics. This is because the 
majority of the microtubule dynamics studies have been performed with brain tubulin. Brain 
tubulin is heterogeneous, consisting of multiple tubulin isotypes and chemically diverse post-
translational modifications making it impossible to understand the contribution of a single 
tubulin isotype or post-translational modification to microtubule dynamic properties. In the first 
section of my thesis, I explore the dynamic properties of a recombinant single human unmodified 
tubulin isotype, α1A/βIII. I also purified unmodified α1B/βI+βIVb tubulin from a stable human 
embryonic kidney cell line and found that this tubulin composition has dramatically different 
dynamic parameters than hetergenous brain tubulin. Moreover, I found that the addition of 
α1A/βIII tuned α1B/βI+βIVb tubulin dynamics proportionally. Finally, I explored how extrinsic 
factors such as microtubule severing enzymes can modulate microtubule dynamics. Severing 
enzymes break microtubules in an ATP-hydrolysis dependent manner. They are essential for the 
generation of microtubule arrays in neurons, the plant cortex, and spindle. Despite their 
discovery 30 years ago, their effects on microtubule dynamics has remained unknown. We found 
that severing enzymes extract tubulin dimers out of the microtubule lattice. These “holes” can be 
repaired by spontaneous GTP-tubulin incorporation along the microtubule shaft. This results in 
	iii	
an increase in microtubule rescue frequency. Moreover, the newly severed ends emerge with a 
high-density of GTP-tubulin, which protects them from depolymerization. The combination of 
increased microtubule rescues and stable ends causes microtubule mass and number 
amplification.  Together, my graduate work has shed light on how tubulin diversity tunes 
intrinsic microtubule dynamics and has surprisingly revealed a mechanism of severing enzyme 
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CHAPTER 1: Introduction 
Since the early electron microscopy images of microtubules in the 1960s (1, 2), microtubule 
biology has been a rich area of fascinating biology and exciting discoveries. Together with actin 
and intermediate filaments, microtubules make up the three cytoskeletal filaments in eukaryotic 
cells. Microtubules serve many functions in non-dividing and dividing cells. In non-dividing 
cells, microtubules contribute to cell morphogenesis (3-5) and migration (6, 7), and also serve as 
cellular highways where microtubule motors can transport cargo (8, 9). In dividing cells, 
microtubules form the mitotic spindle, which is required for proper chromosome segregation into 
daughter cells (10, 11). Given, the role of microtubules in essential cellular functions, it is no 
surprise that disruption of the microtubules or its interacting partners leads to cancer, 
cardiovascular diseases, infections, as well as neurodegenerative diseases such as Parkinson’s, 
Alzheimer’s, and Amyotrophic lateral sclerosis (12-15). In fact, many oncology therapeutics, 
antifungals, and antitparasitics are microtubule-targeting agents and developing potent 
microtubule-targeting medicines is an active area of research (16, 17).  
 To respond to changing cellular environments, microtubules are dynamic, switching 
between phases of growth and shrinkage, a process known as dynamic instability(18). Dynamic 
instability allows microtubules to rapidly reorganize within in the cell and not be confined to a 
particular area or shape within the cell. Microtubule dynamics can be tuned by two factors: 1) 
intrinsically by tubulin isoforms or potentially by tubulin post-translational modifications (19) or 
2) extrinsically, by microtubule associated proteins (20, 21). In this thesis, I explore how intrinsic 
factors such as tubulin isoforms and extrinsic factors such as severing enzymes tune microtubule 
dynamic properties.  
.  
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Microtubules are made up of αβ tubulin heterodimers 
 The basic building block of the microtubule is the alpha and beta-tubulin obligate 
heterodimer (22, 23). These heterodimers interact with one another longitudinally in a “head to 
tail” fashion forming a protofilament (24). This longitudinal interaction gives the microtubule 
polarity where at the minus end, alpha-tubulin is exposed, while at the plus-end, beta-tubulin is 
exposed (25-27)(Figure 1). Plus ends grow faster than minus ends (28). In cells, the minus ends 
are typically embedded in the centrosome, the microtubule-organizing center while the plus ends 
point towards the cell periphery. Protofilaments interact laterally to form a hollow cylindrical 
tube with an outer diameter of 25 nm. Typically, microtubules are comprised of 13 
protofilaments (29, 30). However, In vivo and in vitro, microtubules can vary from 11 – 16 
protofilaments depending on various factors such as tubulin obtained from different species (31), 
tubulin isotypes (32, 33), or microtubule associated proteins (MAPs) (34).  
 Both α- and β- tubulin are made up of compactly folded bodies and negatively charged, 
disordered C-terminal tails (23, 35). The tubulin body is involved in making tubulin-tubulin 
interactions within the lattice and the C-terminal tails face the exterior on the microtubule surface 
(22) (Figure 2A). The C-terminal tails are binding sites of microtubule motors and MAPs, such 
as tau, MAP2, and severing enzymes (36) (37) (38).  The tubulin body is highly conserved (80-
95%) in sequence similarity between tubulin isotypes, but there are sequence differences 
between isotypes at microtubule polymerization interfaces, which could potentially affect 
microtubule dynamics. The majority of the sequence variation is on the C-terminal tails, where 
the sequence identity is ~50% between the tubulin tails (39) (Figure 2B). These C-terminal tails 
are also hotspots for diverse post-translational modifications (36, 40). These modifications range 
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from simple on/off modifications such as tyrosination, acetylation, and phosphorylation to poly-
modifications such as glutamylation and glycylation (Figure 2A).   
 
 





















Figure 2: Structure and sequence of tubulin (Figures are from  (39)) 
A) Structure of αβ tubulin heterodimer showing tubulin post-translational modifications on the C-







Microtubule dynamics are coupled to GTP hydrolysis 
 Tubulin contains two GTP binding sites (41). One is located on alpha-tubulin, where the 
GTP is terminally bound in the non-exchangeable site. The other GTP is located in beta-tubulin 
and is exchangeable (42). The GTP bound to beta tubulin becomes hydrolyzed to GDP after the 
tubulin dimer becomes incorporated into the microtubule lattice (43, 44). When a microtubule is 
polymerizing, it grows with a protective GTP tubulin cap because there is a lag between GTP-
tubulin incorporation and GTP hydrolysis (18, 45-48). When GTP-cap erodes, GDP tubulin is 
exposed. GDP-tubulin is unstable and the microtubule depolymerizes or catastrophes (Figure 3). 
When the microtubule transitions from a depolymerizing phase to a growth phase, it is known as 
rescue. 
 




The tubulin code: multiple tubulin isotypes and tubulin post-translational modifications 
 In textbooks, microtubules are deceptively depicted as homogenous structures of 
repeating αβ tubulin heterodimers. However, tubulin is diversified by multiple α- and β-tubulin 
tubulin isotypes as well as chemically diverse post-translational modifications (19, 40). The 
combination of different tubulin isoforms and post-translational modifications gives rise to a 
staggering number of tubulin species. This genetic and chemical diversity of tubulin is the basis 
for the ‘tubulin code’, analogous to the histone code (49, 50). This tubulin code has the potential 
to tune microtubule dynamic properties as well as microtubule effector recruitment(49).  
 Eukaryotes have multiple tubulin genes (51). Yeast has 2 α- and 1 β- tubulin genes (52, 
53), fruit flies have 4 α- and 4 β-tubulin genes (54-56), and humans have 8 α- and 9 β- tubulin 
genes (19). The majority of the sequence differences between tubulin isotypes are primarily 
located on the intrinsically disordered C-terminal tails (39). Additionally, there are sequence 
differences between tubulin isoforms at longitudinal and lateral interfaces that could potentially 
affect microtubule dynamic properties.  
 Some tubulin isoforms are ubiquitously expressed, while other isoforms are found in 
highly specialized cells such as sperm, neurons, and platelets. For example, βI tubulin is 
ubiquitously expressed (57), while βIII tubulin is found in neuronal cells(58). More information 
is known about the distribution of β-tubulin isotypes than α-tubulin isotypes. Moreover, it is not 
known if different α-tubulins have preferences for β−tubulin partners or if the binding between 
α- and β−tubulins is stochastic. This is because the majority of antibodies used to differentiate 
between the isotypes use tubulin C-terminal tails as the epitopes. The C-terminal tails of α-
tubulin show higher sequence conservation than β-tubulin C-terminal tails. Therefore, there is a 
lack of antibody specificity between α-tubulin isoforms.  
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 Loss of tubulin isoforms or mutations in tubulin leads to various disorders that have 
tissue and cell specific pathologies. For example, mutations in βVI tubulin lead to 
macrothrombocytopenia, affecting platelet formation (59). Mutations in βVIII tubulin leads to 
impaired oocyte maturation causing sterility (60). Mutations in neuronal βIII tubulin cause 
several neurodevelopmental disorders (61-63). Knockdown of  βIII tubulin leads to delayed 
radial migration and decreased neuronal progenitor proliferation. Moreover, rescue experiments 
with other β-tubulin isotypes did not rescue the phenotype indicative of a lack of 
interchangeability between some tubulin isoforms (63). Another example of tubulin isotype 
specialization is found in C. elegans. While the majority of microtubules in C. elegans are made 
up of 11 protofilaments, C. elegans touch receptor microtubules are made up of specialized α-
tubulin (MEC-12) and β-tubulin (MEC-7) isoforms that make 15 protofilaments microtubules 
that are essential for neuronal function (32, 33) (64). Taken together, these results indicate that 
tubulin isotypes are essential to obtain functional diversity.  
 Given the tissue specific distribution of tubulin isotypes, it is conceivable that different 
isotypes could potentially affect: 1) intrinsic microtubule dynamic properties, 2) microtubule 
structure, 3) mechanical properties, and/or 4) motor and MAP recruitment. In this thesis, I am 
going to focus on how tubulin isotypes can tune microtubule dynamics. Immunodepletion of βIII 
tubulin (the alpha-tubulin species that were depleted are unknown) from brain tubulin extracts in 
vitro caused microtubules to assemble twice as fast when compared to brain tubulin extract 
containing βIII tubulin (65). While brain tubulin has long been used in in vitro microtubule 
studies, it is not an ideal substrate to study microtubule dynamics. Brain tissue is rich in tubulin, 
therefore it is an excellent source for purifying tubulin using the classical method of 
polymerization and depolymerization (66). However, this tubulin is heterogeneous and is 
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composed of multiple α- and β-tubulin isotypes as well as a myriad of post-translational 
modifications (67). Therefore, using brain tubulin, it is impossible to understand how a single 
tubulin isoform or a single post-translational modification can tune microtubule dynamics.  
 Efforts have also been made to study in vitro microtubule dynamics from cell sources 
with less complex tubulin species than the tubulin species found in brain tissue. Tubulin purified 
from HeLa cells contains βI + βIVb tubulin (the alpha tubulin species is unknown) and had a 
lower catastrophe frequency when compared to brain tubulin (68). Tubulin purified from chicken 
erythrocytes contains >90% βVI tubulin and α1 tubulin (which α1 isotype is unknown as there 
are three isotypes α1A - α1C). Erythrocyte tubulin grows slower and rarely catastrophes when 
compared to brain tubulin (69, 70). In both of these studies, the alpha tubulin species are 
unknown and the post-translational modification state of the tubulin is also unknown. Together, 
these studies show that different tubulin compositions have different microtubule dynamic 
properties. However, from these studies, it is still unclear how a well-defined tubulin 
composition, without any post-translational modifications, or a single tubulin isotype can tune 
microtubule dynamics.  
 Recent advances in purifying single human tubulin isotypes recombinantly have opened 
up new possibilities to understand the relationship between tubulin sequence, structure, and 
function (71). Additionally, a recently developed tubulin affinity purification method developed 
has allowed us to purify milligrams of tubulin from various sources (72, 73). With these two 
advances, our lab and others have been able to demonstrate how tubulin isotypes can 
proportionally tune microtubule dynamics (74-76).  
 In chapter 2, I discuss how I used the tubulin purification system that was pioneered by 
the Muto lab (71) to characterize the properties of the isotypically pure human neuronal tubulin. 
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In chapter 3, I show that unmodified tubulin α1B/βI+βIVb has different dynamic parameters 
when compared to heterogenous brain tubulin and the dynamic parameters of α1B/βI+βIVb can 
be tuned proportionally with the addition of α1A/βIII tubulin.  
 While microtubule dynamic properties can be tuned intrinsically, cells use an arsenal of 
effectors to tightly regulate the plasticity of the microtubule cytoskeleton. For example, 
microtubule polymerases such as XMAP215 that can change microtubule growth speeds by an 
order of magnitude, microtubule depolymerases such as kinesin-13/MCAK family of proteins 
that promote catastrophe, and factors that promote microtubule rescues, such as the CLASP 
family of proteins (20, 21). While a lot of effort has been made to study the effects of these 
proteins on the microtubule cytoskeleton, very little is understood about how a class of enzymes, 
known as severing enzymes, affect microtubule dynamics.  
 
Introduction to severing enzymes 
 In addition to a dizzying array of microtubule-associated proteins, cells also express 
severing enzymes. Severing enzymes cause internal breaks in the microtubule lattice in an ATP-
hydrolysis dependent manner. The initial discovery of microtubule severing was made in 
Xenopus egg extracts (77). Subsequently, the first severing enzyme was purifited form sea 
urchin eggs and was named katanin, after the Japanese word for sword, ‘katana’ (78).  
 To date, there are three known severing enzymes, spastin, katanin, and fidgetin. These 
enzymes are essential for basic cellular processes such as the generation and maintenance of 
microtubule arrays in spindles, axons, and cilia (79, 80). Consistent with their involvement in 
several biological processes, mutations in severing enzymes leads to severe developmental 
disorders. For example, mutations in spastin lead to hereditary spastic parapeligia, where 
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individuals lose feeling in lower extremities (81, 82). Mutations in katanin lead to microcephaly 
and neurological disorders (83, 84).  
 Severing enzymes belong to the class of meiotic clade of AAA ATPases. They consist of 
an AAA ATPase domain that harnesses energy from ATP hydrolysis to extract tubulin dimers 
out of the microtubule lattice. Severing enzymes also contain a Microtubule Interacting and 
Trafficking (MIT) domain that binds the microtubule lattice (85-88). The AAA and MIT 
domains are sufficient for severing by spastin and katanin (85, 86, 89). Interestingly, katanin is 
comprised of a regulatory subunit, p80, which is responsible for katanin’s localization and 
affinity for the microtubule lattice (90-94). In plants, katanin mediated microtubule severing 
occurs at microtubule crossovers (94). The p80 regulatory subunit is responsible for the precise 
localization of katanin to these crossovers (93, 94).  Some p80 subunits contain a WD40 domain, 
which localizes katanin to centrosomes (91, 95). While the p80 domain is not required for 
microtubule severing activity, it enhances katanin’s binding to the microtubule lattice (90). This 
enhanced binding increases microtubule severing activity. On the other hand, spastin’s severing 
activity is robust with the catalytic subunit alone. To date, regulatory subunits for both spastin 
and fidgetin have not been found.  
 Severing enzymes have the astonishing capability of disassembling microtubule 
polymers, whose stiffness has been compared to that of Plexiglas (96), by using energy from 
ATP hydrolysis (86, 91, 97). The mechanism by which severing enzymes can accomplish this 
incredible task is being elucidated through structural and in vitro studies. Severing enzymes form 
hexamers in an ATP dependent manner (86).  At physiological concentrations, severing enzymes 
are monomers, but oligomerization is stimulated in the presence of microtubules (86). In the 
presence of ATP, severing enzymes hexamerize and the central pore is positively charged. The 
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positively charged pore loop binds negatively charged tubulin tails, which are necessary for 
severing. Like other AAA ATPases such as the unfoldase CLP-X, it has been proposed that 
severing enzymes bind the tubulin tails via the central pore. The repeated tugging of the tubulin 
breaks tubulin-tubulin interactions dislodging the tubulin out of the microtubule lattice. 
Extraction of multiple tubulin dimers out of the lattice eventually causes the microtubule to 
sever.  
 Recent cryo-electron microscopy (EM) structures of katanin have shed light on how ATP 
hydrolysis is linked to severing enzyme conformational changes. The first structure is an 
asymmetric spiral structure where all six protomers are ATP-bound and a 40Å gate between the 
first and sixth protomer (87). Upon ATP hydrolysis, katanin form a planar closed ring 
conformation (87). The cycling between the spiral and ring structures would provide the power 
stroke necessary for microtubule severing.  
 From the name severing enzymes, severing enzymes have long been thought to be 
microtubule mass destroyers. However, several lines of evidence from cell work suggest that 
severing enzymes can be microtubule amplifiers. It has been proposed that severing enzymes 
sever microtubules into multiple smaller microtubules and these severed microtubule act as 
“seeds” from which new microtubules can grow.  This would lead to microtubule number and 
mass amplification. Therefore, in a context dependent manner, severing enzymes are negative 
and positive regulators of microtubule mass.  
 
Severing Enzymes as Microtubule Mass Destroyers 
 Severing enzymes are essential for the formation of the bipolar spindle. In Xenopus, 
katanin is responsible for controlling spindle lengths. Inhibition of katanin lengthened the 
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spindles and the kinetochore microtubule fibers were long and extended past the bipolar spindle 
poles (98).  Therefore, in Xenopus meiotic spindles, severing enzymes act as microtubule 
pruners.  
 Another instance in which severing enzymes act as microtubule destroyers is in 
Drosophila peripheral sensory neuron dendritic pruning (99, 100). Dendritic pruning is the 
removal of specific neuronal processes that often occurs during development in organisms 
ranging from C. elegans to vertebrates (101, 102).  During this process, microtubule disassembly 
is a feature. Loss of katanin leads to an increase in dendritic elaboration, therefore an increase in 
microtubule mass (99, 100).  
 
Severing Enzymes as Microtubule Mass Amplifiers  
 Severing enzymes serving as microtubule amplifiers has been elegantly shown in plants. 
Severing enzymes function in dense microtubule arrays such as those in spindles and axonal 
arrays, where severing events cannot be visualized with light microscopy. However, in plants, 
microtubules are sparse enough to be able to directly visualize severing events. In plants, 
microtubules serve as tracks for cellulose deposition on the cell wall necessary for cell growth. 
During phototropism. microtubules and cellulose fibers reorient to facilitate plant growth 
towards light. Elegant imaging by Lindeboom et al has shown that severing enzyme localize to 
microtubule crossovers between shallow microtubules and existing parallel microtubules (103). 
Upon severing, the newly severed end continues to grow leading to rapid microtubule mass 
amplification.  
 To date, severing mediated microtubule amplification in vivo has been only directly 
viewed in plants due to the sparse microtubule arrays. However, severing mediated microtubule 
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amplification has been indirectly postulated in meiotic and mitotic spindles. In C. elegans female 
meiotic spindle, electron microscopy tomographic reconstructions tracing individual 
microtubules have shown that microtubules in the meiotic spindle have many short overlapping 
microtubules (104). However upon loss of katanin, spindles have reduced microtubule mass 
containing long microtubules and no short microtubules (104). This study suggests that in 
spindles, severing enzymes are important for promoting an increase in microtubule number and 
mass (105, 106).  
 Neuronal microtubule arrays are another place where severing enzymes can be used to 
regulate microtubule density. While severing enzyme mediated microtubule amplification has 
not been directly shown, it is an attractive hypothesis to explain spastin mutant phenotypes. In 
Drosophila, spastin-null mutants have sparse disorganized microtubules at the synaptic boutons 
(107). In Zebrafish, spastin knockdown mutants have disorganized sparse axonal microtubule 
arrays (108).  
 Typically microtubules are nucleated from a microtubule-organizing center where the 
minus ends are anchored at the center and the plus ends point radially outwards. However, in 
systems that lack a centrosome, such as in plants, in female meiotic spindles, and in neurons 
where there are microtubules far away from the microtubule organizing center (MTOC), there 
need to be alternative mechanisms to make microtubules (105, 106). Severing mediated 
microtubule amplification provides an attractive alternative. However, many questions remain 
regarding the mechanism of severing mediated microtubule amplification. Is severing alone 
sufficient for amplification? Are there additional factors that are required to stabilize the newly 
severed ends to promote growth? If severing alone is sufficient, how are the newly severed ends 
stabilized? These are the questions that I have addressed in my thesis studies.  
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 Mechanistically, severing mediated microtubule amplification in the absence of any 
stabilizing factors is surprising given what we know about microtubule dynamics. During 
microtubule polymerization, microtubules have a GTP-tubulin cap because there is a lag between 
GTP hydrolysis and tubulin incorporation. This GTP-tubulin cap is protective and prevents the 
microtubule from depolymerizing. When the GTP-cap is lost, GDP-tubulin is exposed. GDP-
tubulin is unstable and causes the microtubule to depolymerize (or catastrophe). Classic studies 
have shown that exposure of GDP-tubulin via UV-ablation or mechanical cuts causes the new 
plus end to depolymerize (109-114). Severing enzymes break the microtubule in the middle, 
exposing the GDP-microtubule lattice. Therefore, the prediction would be that severing enzymes 
should cause microtubules to depolymerize. 
 The majority of our understanding on severing enzymes comes from in vivo studies or in 
vitro studies performed on stabilized microtubules. Despite the discovery of severing enzymes 
almost 30 years ago, we do not have an understanding of how severing enzymes affect 
microtubule dynamics. Therefore, in chapter 4, I discuss the role of severing enzymes in 
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Microtubules are polymers that cycle stochastically between polymerization and 
depolymerization i.e., they exhibit “dynamic instability”. This behavior is crucial for cell 
division, motility and differentiation. While studies in the last decade have made fundamental 
breakthroughs in our understanding of how cellular effectors modulate microtubule dynamics, 
analysis of the relationship between tubulin sequence, structure and dynamics has been held back 
by a lack of dynamics measurements with and structural characterization of homogenous, 
isotypically pure, engineered tubulin. Here we report for the first time the cryo-EM structure and 
in vitro dynamics parameters of recombinant isotypically pure human tubulin. α1A/βIII is a 
purely neuronal tubulin isoform. The 4.2Å structure of unmodified human α1A/βIII 
microtubules shows overall similarity to that of heterogenous brain microtubules, but is 
distinguished by subtle differences at polymerization interfaces which are hotspots for sequence 
divergence between tubulin isoforms. In vitro dynamics assays show that, like mosaic brain 
microtubules, recombinant homogenous microtubules undergo dynamic instability but they 
polymerize slower and catastrophe less frequently. Interestingly, we find that epitaxial growth of 
α1A/βIII microtubules from heterogenous brain seeds is inefficient, but can be fully rescued by 
incorporating as little as 5% of brain tubulin into the homogenous α1A/βIII lattice. Our study 
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establishes a system to examine the structure and dynamics of mammalian microtubules with 
well-defined tubulin species and is a first and necessary step towards uncovering how tubulin 























 Microtubules cycle stochastically between periods of polymerization and 
depolymerization; i.e., they exhibit “dynamic instability” (18). This behavior is crucial in cell 
division, motility and differentiation. Despite the discovery of dynamic instability more than 
thirty years ago (18) and fundamental breakthroughs in our understanding of microtubule 
dynamics modulation by cellular effectors (115, 116), analysis of the relationship between 
tubulin sequence, structure and dynamics has been held back by a lack of structural and in vitro 
dynamics data with homogenous, isotypically pure, engineered tubulin. Eukaryotes have 
multiple tubulin genes (humans have eight α and eight β-tubulin isotypes) with tissue specific 
distributions (117). Some microtubules are isotype mixtures, while others are formed from a 
predominant single isotype (118). Moreover, tubulin is subject to abundant and chemically 
diverse posttranslational modifications that include acetylation, detyrosination, phosphorylation, 
glutamylation, glycylation and amination (40, 49). Virtually all biochemical studies have used 
tubulin purified from mammalian brain tissue through multiple cycles of in vitro 
depolymerization and polymerization (66). While tubulin is abundant in this source, the resulting 
material is highly heterogeneous, being comprised of multiple tubulin isotypes bearing 
chemically diverse and abundant posttranslational modifications (36, 58, 119). More than 
twenty-two different charge variants are repolymerized in random fashion for in vitro 
polymerization assays (67). Thus, microtubules used for in vitro dynamics assays have been 
mosaic, with random distributions of isoforms and posttranslational modifications. Moreover, 
this purification procedure selects tubulin subpopulations that polymerize robustly while 
discarding those that do not. Efforts to reduce metazoan tubulin heterogeneity exploited 
differences in isoform compositions between various tissues or cell lines (e.g. avian erythroctyes 
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(69) and HeLa cells (68)) or the use of isoform specific antibodies for immunopurification (120). 
However, neither of these approaches yielded homogenous, single-isoform tubulin.  
 Here we report for the first time the expression and purification of recombinant 
isotypically pure unmodified human tubulin competent for in vitro dynamics assays and report 
its dynamic parameters as well as cryo-EM structure at 4.2 Å resolution. We find that 
isotypically pure unmodified α1A/βIII tubulin exhibits subtle differences in dynamics when 
compared with heterogenous brain tubulin, consistent with the small conformational 
rearrangements at tubulin polymerization interfaces revealed by our near-atomic resolution 
structure of α1A/βIII microtubules. Our study establishes a system to examine the structure and 
dynamics of mammalian microtubules with well-defined α and β-tubulin species and is a first 
and necessary step towards exploring the biophysical correlates between sequence, structure and 













Materials and Methods 
Expression and Purification of Human Recombinant Tubulin Constructs  
Codon optimized genes for human α1A tubulin (NP_001257328) with an internal His-tag in the 
acetylation loop and a Prescission protease cleavable C-terminally flag-tagged βIII tubulin 
(NM_006077) were custom synthesized by Integrated DNA Technologies and cloned into a 
pFastBac™-Dual vector as described (71). The internal His-tag in α-tubulin allowed production 
of an α-tubulin ending in its natural carboxy-terminal tyrosine (38, 121). Without an affinity 
based selection for α-tubulin, the final sample contains ~30% contamination with endogenous 
insect α-tubulin species. The Bac-to-Bac System (Life Technologies) was used to generate 
bacmids for baculovirus protein expression. HighFive or SF9 cells were grown to a density 
between 1.3-1.6 x106 cells/ml and infected with viruses at the multiplicity of infection of 1. 
Cultures were grown in suspension for 48 hours and cell pellets were collected, washed in PBS 
and flash frozen. Cells were lysed by gentle sonication in 1XBRB80 buffer (80 mM PIPES pH 
6.9, 1 mM MgCl2, 1mM EGTA) with addition of: 0.5 mM ATP, 0.5 mM GTP, 1mM PMSF and 
25U/ml benzonase nuclease. The lysate was supplemented with 500 mM KCl and cleared by 
centrifugation (15 min at 400,000xg). The crude supernatant (supplemented with 25 mM 
Imidazole pH 8.0) was loaded on a Ni-NTA column (Qiagen) equilibrated with high salt buffer 
(BRB80, 500 mM KCl, 25 mM Imidazole). His-tagged tubulin was eluted with 250 mM 
Imidazole in BRB80 buffer. The eluate was further purified on anti-flag G1 affinity resin (Gen 
Script). Flag-tagged tubulin was eluted by incubation with flag peptide (Gen Script) at 0.25 g/L 
concentration followed by removal of the tag by Prescission protease. A final purification step 
was performed on a Resource Q anion exchange column (GE Healthcare) with a linear gradient 
from 100 mM to 1M KCl in BRB80 buffer. Peak fractions were pooled and buffer exchanged on 
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a PD10 desalting column (GE Healthcare) equilibrated with BRB80, 20 µM GTP. Small aliquots 
of tubulin were frozen in liquid nitrogen and stored at −80 °C until use. The purified tubulin was 
subjected to ESI-TOF LC-MS analysis and detected no endogenous tubulin or posttranslational 
modifications (Fig.1A). The sensitivity of our mass spectrometric analyses is high enough to 
detect as little as 1% contaminating posttranslationally modified tubulin species (38). The final 
yield is ~1 mg of 99% recombinant isotypically pure ab-tubulin per L of SF9 cells. 
 
Cryo-EM Sample Preparation and Data Collection 
Recombinant human α1A/βIII tubulin was polymerized at a final concentration of 2.5mg/ml in 
BRB80 buffer (80mM PIPES, 2mM MgCl2, 1mM EGTA, 1mM DTT) with 1mM GMPCPP or 
2mM GTP at 37°C for 1 hour. GMPCPP-bound microtubules were double-cycled by 
depolymerizing on ice then repolymerized at 37°C for 1 hour with an additional 2mM GMPCPP. 
Stabilized α1A/βIII microtubules were diluted in BRB20 (20mM PIPES, 2mM MgCl2, 1mM 
EGTA, 1mM DTT) to a final concentration of 2.5μM. Human kinesin-3 motor domain (Kif1A, 
residues 1-361 (122) was diluted to 20μM in BRB20 with 2mM AMPPNP. The microtubules 
and motor were applied sequentially to glow-discharged C-flatTM holey carbon grids (Protochips) 
and the sample was vitrified using a Vitrobot (FEI Co.). The presence of kinesin motor domain 
allowed differentiation between α- and β-tubulin during processing.  Images were collected with 
a DE20 direct electron detector (Direct Electron) on a FEI Tecnai G2 Polara operating at 300kV 
with a calibrated magnification of 52,117x corresponding to a final sampling of 1.22Å/pixel. A 
total electron dose of ~50e-/Å2 over a 1.5 seconds exposure and a frame rate of 15 frames/second 
was used, giving a total of 23 frames at ~2.2e-/frame. Dynamic microtubules grown from 
GMPCPP seeds were polymerized at 2mg/ml for 30 minutes, kept at 37°C throughout and 
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vitrified as above. Images were collected on a FEI Tecnai T12 operating at 120kV using a 4kx4k 
CCD camera (Gatan Inc.). 
 
Data Processing for 3D Reconstruction 
Individual ~2.2e- frames were globally aligned using IMOD scripts (123) then locally aligned 
using the Optical Flow approach (124) implemented in Xmipp (125). The full dose of ~50e- was 
used for particle picking and CTF determination in CTFFind3 (126), whereas ~25e- was used in 
particle processing to center particles and determine their Euler angles. Euler angles and shifts 
determined using ~25e- dose were used to generate reconstructions from either the first ~25e- or 
~12e- of the exposure. Kinesin-3 microtubules were manually boxed in Eman Boxer (127), 
serving as input for a set of custom-designed semi-automated single-particle processing scripts 
utilizing Spider and Frealign as described previously (128) with minor modifications. 10,164 
particles or 142,296 asymmetric units were used in the final reconstruction, which was assessed 
for over-fitting using a high-resolution noise-substitution test (129). Using local resolution 
estimates determined with the blocres program in Bsoft, the reconstruction was sharpened with a 
B factor of -180 up to a resolution of 5.5Å or 4Å for visualization of kinesin or tubulin densities, 
respectively. The overall resolution of the reconstruction is 4.2Å (FSCtrue, 0.143 criteria) (129) 
encompassing a resolution range of ~3.5-5.5Å. The best regions of the reconstruction are within 
the tubulin portion of the complex (Figures 1B and 2) from which we built an α1A/βIII 
microtubule model. The quality of our reconstruction was sufficient to confirm that GMPCPP 
was found in the E-site (Fig. 1C) and GTP in the N-site. 
 
Model Building and Refinement  
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The polypeptide model of the unmodified α1A/βIII tubulin GMPCPP microtubule was built 
directly into density in Coot (130) using PDB 3JAT (131) as a starting model. The structure was 
refined under symmetry restraints in REFMAC v5.8 (132). Secondary structure and reference 
restraints based on the high-resolution tubulin crystal structure PDB 4DRX (133) were generated 
with ProSMART (134). Model building in Coot and refinement in REFMAC were repeated 
iteratively until the quality of the model and fit were optimized. 
 
In vitro Microtubule Dynamics Assays  
GMPCPP stabilized seeds were prepared as described (135). The GMPCPP seeds were 
immobilized in flow chambers using neutravidin as previously described (136). The final 
imaging buffer contained 1XBRB80 supplemented with 1mM GTP, 100mM KCl, 1% pluronic 
F-127 and oxygen scavengers prepared as described (137). An objective heater (Bioptechs) was 
used to warm the chamber to 30°C. All chambers were sealed and allowed to equilibrate on the 
microscope stage for 5 minutes prior to imaging. Darkfield images were acquired every 5 
seconds for 30 minutes. For depolymerization rate measurements the frame rate used was 40 fps. 
Imaging was performed on a Nikon Eclipse Ti-E equipped with a high NA darkfield condenser, a 
100x adjustable iris objective and a Hamamatsu Flash4.0 v2 camera with 2x2 binning. The final 
pixel size was 108 nm. Darkfield illumination was provided by a Lumencor SOLA SE-II light 
engine. A Nikon GIF filter was used to protect the seeds from excessive photodamage.  All 
solutions were filtered through a 0.1 µm filter.  
 
Dynamic Parameter Measurements  
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Using ImageJ, kymographs were generated from dark-field images. Kymographs were traced by 
hand and dynamic parameters were calculated. Growth and depolymerization rates were 
determined from the slope of the growing or depolymerizing microtubule in the kymographs. 
Catastrophe frequency was determined as the number of observed catastrophes divided by the 
total time spent in the growth phase. Extremely rare rescue events were observed under our 
experimental conditions and thus were not quantified.  Mean microtubule lifetime was calculated 
as the average time a microtubule spent in the growth phase before a catastrophe. Mean 
microtubule length was calculated as the average length a microtubule reached before a 
catastrophe. The probability of nucleation was determined by determining the percentage of 
seeds that nucleated in 30 minutes in a field of view. Dynamicity was determined as defined in 
Toso et al as the sum of total growth and shortening lengths divided by total time (138). For each 














Near-atomic Resolution Structure of Single-isoform Human α1A/βIII Microtubules 
We selected for our study α1A/βIII tubulin. βIII is a neuronal isoform that constitutes 25% of 
purified brain tubulin (58). It is expressed in non-neuronal tissues only during tumorigenesis 
(139, 140). It is also the most divergent of all β-tubulin isotypes. It is highly overexpressed in 
non-neuronal cells upon transformation and has been identified as a strong prognosticator of 
poor clinical outcomes (140). We expressed human α1A/βIII tubulin in insect cells (71). 
Through a new double-selection strategy using affinity-tags on both α- and β-tubulin, we 
produced, for the first time, >99% homogenous, modification-free, single-isotype human αβ-
tubulin, free of contamination from endogenous insect tubulins (Figure 1A and see Materials and 
Methods) that is assembly-competent in the absence of stabilizing drugs like taxol and thus 
suitable for in vitro dynamics assays. Our tagging scheme generates an α-tubulin with a native 
carboxy-terminus and thus this recombinant tubulin is suitable for the investigation of the effects 
of the tubulin detyrosination/tyrosination cycle on intrinsic microtubule dynamics and those 
mediated by the modification dependent recruitment of cellular effectors (141, 142). 
 To gain insight into the assembly properties of α1A/βIII recombinant tubulin we 
determined the structure of α1A/βIII microtubules in complex with the GTP analog GMPCPP at 
near-atomic resolution using cryo-electron microscopy and single-particle image reconstruction 
(128) (Figures 1B and 2). There is a resolution gradient in the reconstruction, with the best 
resolution (~3.5Å) within the body of the microtubule (encompassing a resolution range of ~3.5-
4.5Å, Figure 2A). The resolution range of the kinesin motor domain, used to facilitate 
reconstruction is ~4.5-5.5Å. Overall, the reconstruction has a resolution of 4.2 Å resolution 
(Fourier shell correlation, 0.143 criterion (129), encompassing a resolution range of ~3.5-5.5Å) 
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(Figures 2B, C and supplemental Table 1)(128). The reconstruction shows clearly resolved β-
sheets and α-helical pitch (Figs. 2D, E and F). The majority (92%) of human α1A/βIII GMPCPP 
microtubules have 14 protofilaments, similar to brain microtubules (143). The tubulin monomer 
consists of a well-folded globular core and highly negatively charged and flexible C-terminal 
tails (23). The C-terminal tails are the locus of the greatest chemical heterogeneity in tubulin. 
They appear disordered in all microtubule structures to date either because (i) they have no 
unique well-defined conformation or (ii) defined conformations unique to particular isoforms or 
posttranslationally modified forms are lost during the iterative averaging used in EM 
reconstructions due to the high heterogeneity of these tails in brain tubulin. Despite the chemical 
homogeneity of our sample, there is no density attributable to them, indicating that they are 
intrinsically disordered unless engaged by an effector (39, 144, 145).   
 Consistent with the high sequence conservation of the tubulin body, our structure is 
similar to that of heterogenous mosaic mammalian brain GMPCPP microtubules and the overall 
conformation of the tubulin dimers in our reconstruction is consistent with a GTP-like extended 
conformation (131) (Figure 1C). The backbone root-mean-square deviation (r.m.s.d) of our 
tubulin dimer model overlaid on that of the recently published structure of mammalian 
heterogenous brain GMPCPP 14 protofilament microtubules is <2Å. A difference in the tubulin 
repeat distance is observed between α1A/βIII and brain microtubules: 82.7 ± 0.2 vs. 83.1Å ± 0.0 
measured from the EM reconstruction (i.e., model-independent); 82.6 vs. 83.2Å measured by 
comparing models, for a1A/bIII and brain microtubules, respectively (131, 146). However, the 
tubulin repeat distance for the recombinant α1A/βIII microtubules (~82.7 Å) is roughly 
comparable with the repeat distance for heterogeneous brain GMPCPP microtubules (~83Å), 
which is more extended than that of the GDP state (~81.5Å)(131, 146). Nevertheless, we find 
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two subtle differences that have the potential to impact polymerization dynamics. First, the loop 
connecting helices H1 and H1’ in b-tubulin shifts ~3Å away from the H1’-S2 loop, which makes 
lateral contacts with the M-loop (microtubule loop) of the neighboring dimer (Figures 1D and E). 
The M-loop is a sequence element crucial to lateral contacts between adjacent protofilaments. 
Strikingly, the H1’-S2, H2-S3 and M-loops are a hotspot of sequence variation across β-tubulin 
isoforms (Figure 1F), consistent with the structural plasticity we observe at this interface. 
Second, when one a protomer each of brain GMPCPP and recombinant α1A/βIII GMPCPP 
microtubule protofilaments are superimposed, a clear displacement of successive recombinant 
α1A/βIII dimers becomes apparent (Fig. 3A). This propagates from the exchangeable GTP-site 
(E-site) and βIII-tubulin longitudinal interface and results in a progressive stagger that increases 
with each dimer along the protofilament, such that the first neighboring dimer is offset by 1.7 Å 
(all Ca r.m.s.d.), the second by 3.4 Å and so on. Together, these relatively subtle structural 
differences could contribute to differences in dynamic properties. Interestingly, we find that at 6 
µM α1A/βIII tubulin, 92% of α1A/βIII GMPCPP seeds nucleate microtubules but only 33% 
brain seeds nucleate α1A/βIII microtubules (Fig. 3B), suggestive of lattice mismatch effects 
between the brain microtubule seed and the lattice parameters of the growing α1A/βIII 
microtubule. This is consistent with the subtle structural differences between α1A/βIII and 
heterogeneous brain microtubules that we identified (Figures 1D, 1E and 3A). Unexpectedly, 
robust growth off brain seeds at 6 µM α1A/βIII could be rescued (from 33% to 91%) if as little 
as 5% brain tubulin was added (Figure 3B). Thus, a small level of tubulin heterogeneity can 
alleviate the nucleation defect that arises from the potential mismatch between the lattices of the 
two microtubule types. Our finding has intriguing consequences for the nucleation in vivo of 





Figure 1: Structure of unmodified single-isoform human α1A/βIII microtubules 
A) Mass spectra and SDS-PAGE gel (inset) of recombinant human α1A/βIII tubulin purified to >99% 
homogeneity. The experimentally determined masses for α1A and βIII tubulin were 50,477.8 Da and 
51,163.6 Da, respectively. The theoretical masses for α1A and βIII tubulin are 50,476.8 Da and 51,162.4 
Da, respectively. B) Cryo-EM map (4.2Å resolution, 2.8 s contour) and model of GMPCPP recombinant 
human α1A/βIII microtubules viewed from the lumen (three protofilaments shown). A central 
protofilament (Pf2) makes lateral contacts with adjacent protofilaments (Pf1 and Pf3); α-tubulin, orange, 
β-tubulin, red (Pf1, Pf3); α-tubulin, cyan; β-tubulin, purple (Pf2). C) The E-site in βIII-tubulin shows 
clear density for GMPCPP and its 3 phosphate groups. D) Model and map of the βIII-tubulin lateral 
interface (boxed and colored as in B). βIII-specific residues are in green. E) Superposition of the 
α1A/βIII (colored as in B) and brain (PDB: 3JAT; atomistic models of brain microtubules use the βII 
isotype sequence because it constitutes ~50% of these preparations (131, 145); yellow) microtubule 
structures; residues specific to βIII are in green. F) βIII sequence variability concentrates at the lateral 
interface. Green spheres denote residues that are different between the βIII and βII isotypes, the most 
abundant tubulin isoforms in brain tubulin preparations (58). 
 
Figure 1A contributed by Dr. Agnieszka Szyk (I helped with the tubulin purification) and Figures 1B-F 








Figure 2: Data processing, map quality and resolution determination for cryo-EM reconstruction of 
recombinant human α1A/βIII microtubules 
A) Local resolution estimates calculated using the Bsoft program blocres (147) were used to color the 
unfiltered whole reconstruction density. Red density corresponds to 3.5Å resolution, with a continuum of 
colors indicating increasingly lower resolution, ending with blue at 5.5Å resolution. Tubulin is at a higher 
resolution, ranging from ~3.5Å in central regions to ~ 4.5Å in more flexible peripheral surface exposed 
region. While used for the initial alignment, Kinesin-3 is less ordered (resolution of ~ 5.5Å) and excluded 
from display items. B) Fourier shell correlation (FSC) curves. The gold-standard noise-substitution test 
(129) on the whole microtubule+kinesin-3 map indicates no over-fitting at high resolution and an overall 
resolution of 4.2Å (FSCtrue at 0.143 cutoff). C) Rmeasure (148)fitted curves give the same resolution 
estimate. Global alignment of whole movie frames improved resolution dramatically, while local 
alignment using an optical flow technique (124) yielded further improvements, especially for frames from 
early dosing of the data most susceptible to beam-induced motion. D) The higher resolution (< 4Å) in the 
tubulin dimer core is supported by clear density for the backbone and most side chains (see also panel E). 
E) Representative density for a β-strand in β-tubulin (top) and an α-helix in α-tubulin (bottom). F) 
Reconstructions from the first 12e- dose data (yellow) showed improved density for some side chains 
when compared with the 25e- dose data (grey), regardless of whether they were acidic. The highly 
negatively charged helix H12 of α-tubulin is shown. Arrowheads indicate acidic side chains that are 
notable for their different appearance in 12e- and 25e- maps.  
 








Figure 3: Comparison between α1A/βIII and mosaic brain 14 protofilament microtubule structures  
A) Left panel, Dimer displacement compared to the structure of mosaic brain microtubules PDB: 
3JAT(131) as viewed from the microtubule lumen. The boxed α1A-tubulin protomer from the α1A/βIII 
structure (orange Ca trace) was superimposed on the α-tubulin protomer from the brain microtubule 
structure (grey Ca trace). Arrows indicate the gradual increase in displacement of the α1A/βIII 
heterodimers as one advances towards the plus-end of the protofilament. The GTP and GMPCPP in the 
N-site of α- and the E-site of β-tubulin are shown as ball-and-stick; Middle panel, Zoomed in view of 
regions highlighted by boxes in the left panel showing details of the displacement between the dimers 
from the recombinant α1A/βIII and brain microtubule structures; Right panel, Three a1A/bIII 
heterodimers within one protofilament colored according to main chain displacement from the brain 
microtubule structure. (131, 145) B) Left panel, Percentage of seeds that nucleate microtubules at 6µM 
tubulin. Brain, α1A/βIII, α1A/βIII + 5% brain tubulin elongated from brain seeds, α1A/βIII tubulin 
elongated from α1A/βIII seeds. More than 100 seeds across multiple chambers were counted for these 
measurements. Right panel, Kymograph of microtubule growth for recombinant α1A/βIII at 5.7 µM 
spiked with 5% Hilyte 488 brain tubulin (0.3µM) from brain GMPCPP seeds showing incorporation of 
the brain tubulin into the α1A/βIII lattice. Horizontal and vertical scale bar, 5 µm and 2 minutes, 
respectively. 
 
Figure 3A contributed by Dr. Joseph Atherton & Dr. Carolyn Moores 
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In Vitro Dynamics of single-isoform α1A/βIII Tubulin 
 
To determine dynamic parameters of single-isoform α1A/βIII tubulin, we performed label-free 
in vitro dynamic assays using darkfield microscopy (149) (Figure 4) so that our dynamic 
parameters are not confounded by effects arising from the addition of fluorescently labeled brain 
tubulin to the otherwise homogeneous microtubules. The α1A/βIII microtubules have the typical 
end-appearance observed for brain microtubules consisting of a mixture of short sheet-like and 
blunter structures (Figure 4B) (150). To quantify their dynamics, we generated kymographs from 
time-lapse imaging of dynamic microtubule assays (Figure 4C). The growth rates at the plus-end 
are 35% slower when compared with those of heterogenous brain tubulin while minus-end 
growth rates are statistically indistinguishable (Figures 4E and F). Consistent with this, the on 
rate of α1A/βIII tubulin at the plus-end is 1.8 dimers s-1 mM-1 compared to the 3.6 dimers s-1 
mM-1 for brain tubulin (our measurements for brain microtubules are similar to those reported in 
(151)). Darkfield imaging allows data collection at the high frame rates needed to determine 
microtubule depolymerization rates with high accuracy (Materials and Methods). These 
measurements revealed that α1A/βIII microtubules depolymerize slower than brain microtubules 
(30.5 ± 1.3 µm/min versus 39.9 ± 1.5 µm/min; Figure 4D). This suggests that microtubules with 
different chemical compositions (isoform or posttranslational modifications) have the potential to 
generate different end depolymerization forces that could be harnessed to move cargo in the cell, 
such as chromosomes during cell division (152).  
 The catastrophe (the transition between growth and shrinkage) frequency of recombinant 
microtubules is slightly reduced by 20% and 44% at the plus and minus-ends, respectively when 
compared with heterogenous brain tubulin (Figures 4E and F). Interestingly, while 46% of brain 
microtubule exhibit growth at their minus ends, fewer than 7% of recombinant microtubules 
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display minus-end dynamics under our assay conditions. The difference in firing frequency could 
be due to α1A/βIII having a harder time growing off of the brain GMPCPP seeds. Early studies 
reported faster polymerization rates for αβIII tubulin (α denotes here an unknown mixture of α-
tubulin isoforms) immunopurified from brain tubulin preparations than for brain tubulin (120). 
Those studies also found that αβIII tubulin immunopurified from brain tubulin preparations had 
higher dynamicity than brain tubulin, while our measurements with recombinant α1A/βIII show 
lower dynamicity for this species than for brain microtubules (1.31 ± 0.05 µm/min versus 2.30 ± 
0.07 µm/min for α1A/βIII and brain, respectively; Material and Methods). However, it is 
important to note that the tubulin used in these earlier studies had an unknown a-tubulin 
composition and a poorly defined mixture of diverse posttranslational modifications, unlike our 
recombinant tubulin, which contains a single α- and β-tubulin isoform and is unmodified (Figure 
1A and Material and Methods). It is unclear at this point whether the subtle differences in 
dynamics we observe between the recombinant α1A/βIII microtubules and heterogenous mosaic 
brain microtubules are due to isoform differences and/or the abundant and diverse 
posttranslational modifications found on brain microtubules. Future studies with recombinantly 
expressed isoforms and quantitatively defined postranslationally modified tubulin using the 
expression and purification system described here will shed light on their individual 








Figure 4: Dynamics of recombinant human α1A/βIII microtubules 
A) Schematic of assay design (Experimental Procedures). B) Micrographs of representative dynamic 
α1A/βIII microtubule ends. Scale bar, 20 nm. C) Kymographs showing typical microtubule growth for 
brain and recombinant α1A/βIII tubulin at 9 µM. Blue marks the GMPCPP seed. Horizontal and vertical 
scale bars, 5 µm and 5 minutes, respectively. D) Left panel, Kymographs showing a typical 
depolymerization event for brain and α1A/βIII microtubules. Horizontal and vertical scale bar, 5 µm and 
2 seconds, respectively. Right panel, Tukey plot showing plus-end depolymerization rates at 9µM tubulin; 
n = 55 and 58 events for brain and α1A/βIII microtubules, respectively. E) Plus end dynamics of brain 
and α1A/βIII tubulin at 9 µM tubulin. Left panel, Tukey plot showing growth rates; n = 255 and 504 
events for brain and α1A/βIII tubulin, respectively. Right panel, Catastrophe frequencies; n = 48 and 167 
microtubules for brain and α1A/βIII tubulin, respectively. F) Minus end dynamics of brain and α1A/βIII 
tubulin at 9 µM tubulin. Left panel, Tukey plot showing growth rates; n = 32 and 25 events for brain and 
α1A/βIII tubulin, respectively. Right panel, Catastrophe frequencies; n = 7 and 16 microtubules for brain 
and α1A/βIII tubulin, respectively. Error bars represent s.e.m. ** and ****, p values <0.01 and < 0.0001, 
respectively determined by unpaired t-test. 
 
Figure 4B contributed by Dr. Joseph Atherton & Dr. Carolyn Moores. The dynamics data was collected 








Using our dual-tag purification system for recombinant tubulin we report for the first time the 
structure and in vitro dynamics parameters for isotypically pure human unmodified microtubules, 
an essential and important first step in quantitatively establishing the correlates between 
sequence and dynamics for mammalian microtubules. The dual tag selection system is necessary 
as a single tag purification strategy results in significant levels of contamination with 
endogenous tubulin (~30% of insect α-tubulin if α-tubulin is not selected via affinity tag 
purification). Thus, our tagging and purification strategy allows the characterization of both α- 
and β-tubulin engineered constructs. The majority of in vitro dynamics studies presently 
performed use heterogenous mosaic brain microtubules with isoform composition and 
posttranslational modifications different from those found in vivo, for example in an epithelial 
cell or the axonal or dendritic compartment of a neuron. A recent study revealed different 
activities of the S. cerevisiae Stu2p on yeast microtubules compared to heterogeneous brain 
microtubules (153), indicating the importance of examining the effects of regulators with the 
physiologically relevant tubulin substrate. Our study establishes a system to examine the 
dynamics of mammalian microtubules with well-defined tubulin species and opens the way to 
study tubulin isoform-specific effects of microtubule associated proteins and motors and uncover 
the tubulin sequence elements critical for their recruitment and activation. 
 
Experimental Contributions:  
 
 The protocol for recombinant tubulin expression and purification was established by Max 
Valenstein and Dr. Agnieszka Szyk. The purification of the recombinant tubulin was done by Dr. 
Agnieszka Szyk and I assisted with the purification. Both Dr. Jeffrey Spector and I performed 
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the in vitro microtubule dynamics and analyzed the dynamics data. Dr. Joseph Atherton from Dr. 
Carolyn Moores’ lab determined the EM structure. Any figures I did not contribute are 






















Chapter 3: Tubulin Composition Tunes Microtubule Dynamics 
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Microtubules polymerize and depolymerize stochastically, a behavior essential in cell division, 
motility and differentiation. While many studies advanced our understanding of how 
microtubule-associated proteins tune microtubule dynamics in trans, we have yet to understand 
how tubulin genetic diversity regulates microtubule functions. The majority of in vitro dynamics 
studies are performed with tubulin purified from brain tissue. This preparation is not 
representative of tubulin found in many cell types. Here we report the 4.2Å cryo-EM structure 
and in vitro dynamics parameters of α1B/βI+βIVb microtubules assembled from tubulin purified 
from a human embryonic kidney cell line with isoform composition characteristic of fibroblasts 
and many cancer cell lines. We find that these microtubules grow faster and transition to 
depolymerization less frequently compared to brain microtubules, consistent with the higher 
tubulin on-rate at the microtubule plus-end that is twice of brain tubulin. Interestingly, analysis 
of EB1 distributions suggests no differences in GTP cap sizes. Cryo-EM reveals that 
α1B/βI+βIVb microtubules have less tapered ends consistent with the lower curvature for these 
dimers. Lastly, we show that the addition of recombinant α1A/βIII tubulin, an isotype 
overexpressed in tumors, proportionally tunes the dynamics of α1B/βI+βIVb microtubules. Our 




 Microtubules are essential dynamic polymers that stochastically switch between cycles of 
polymerization and depolymerization, a behavior known as dynamic instability (18, 149). 
Dynamic instability is essential for basic cellular processes such as cell division, motility and 
differentiation. The building block of the microtubule is the a/b-tubulin heterodimer. Cells use a 
diverse repertoire of tubulin dimers to build complex structures with diverse architectures and 
dynamics to perform these basic cellular functions. Eukaryotes have multiple tubulin isotypes; 
humans have eight α- and eight β-tubulin isotypes (154). While some tubulin isoforms are 
ubiquitously expressed, other tubulin isoforms are only found in specialized cells such as sperm, 
neurons and platelets (117, 155-157). In vivo studies have shown that tubulin isoforms are not 
functionally interchangeable suggestive of differential microtubule associate protein (MAPs) 
recruitment by different tubulin isoforms or changes in intrinsic polymer properties (158, 159). 
Tubulin is further functionalized through chemically diverse post-translational modifications that 
include glutamylation, glycylation, acetylation, phosphorylation and amination (40). 
 The majority of in vitro assays are performed with tubulin purified from brain tissue 
through repeated cycles of polymerization and depolymerization (160). While cost-effective, this 
procedure generates tubulin that is highly heterogeneous consisting of multiple tubulin isotypes 
that have chemically diverse and abundant post-translational modifications (58, 67). Most 
importantly, the composition of tubulin isotypes and tubulin post-translational modifications in 
these preparations is not representative of that found in most cell types as well as many of the 
cell lines used routinely in cell biological investigations. Classic studies have reported the 
characterization of tubulin with less complex compositions purified through 
polymerization/depolymerization cycles from chicken erythrocytes (70, 161) and Hela cells (68). 
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A recently introduced affinity purification approach finally enabled the isolation of biochemical 
amounts of tubulin from various tissues and cell lines (162) that together with recent advances in 
the expression and purification of pure single isoform human tubulin open a new chapter in the 
investigation of the biophysical correlates between tubulin sequence, structure and dynamics (71, 
74).  
 Here, we purify tubulin from a human embryonic kidney (tsA201) cell line and report its 
4.2Å cryo-EM structure and dynamic parameters. Tubulin purified from this cell line contains no 
detectable post-translational modifications and consists predominantly of one a-tubulin isoform, 
α1B and two β-tubulin isoforms, βI and βIVb. This b-tubulin composition is characteristic for 
fibroblasts (163) as well as many cancer cell lines (164, 165) used for cell biological 
investigations. In vitro dynamic assays show that these microtubules grow faster and catastrophe 
less frequently than brain microtubules. Moreover, we show that microtubule dynamic 
parameters vary proportionally with the ratio between non-neuronal tubulin isoforms and a 
recombinantly produced neuronal tubulin isoform that individually have different dynamic 










Materials and Methods 
Affinity purification of tubulin from brain and tsA201 cells  
Tubulin from tsA201 cells was purified as previously described (162, 166). Briefly, cells were 
lysed by gentle sonication in 1XBRB80 pH 6.8 (80mM PIPES, 1mM MgCl2, 1mM EGTA), 1 
mM DTT, and 25 µg/ml benzonase. The lysate was cleared by ultra-centrifugation at 444,000Xg 
for 15 minutes at 4°C. The homogenate was loaded onto a NHS-column (GE Healthcare) 
coupled to TOG1. The tubulin was eluted with 1XBRB80 supplemented with 0.5 M ammonium 
sulfate and was buffer exchanged using a PD-10 column (GE Healthcare) into 1XBRB80, 10% 
glycerol, and 20 µM GTP and was flash frozen in liquid nitrogen. The tubulin was further 
purified by cycling (167). Tubulin was buffer exchanged using a PD10 column into 1XBRB80 
and 20µM GTP and flash frozen in liquid nitrogen. Mass spectrometric analysis of this tubulin 
indicated that it contains one major α-tubulin (α1B) and two β-tubulin (βI+βIVb) isoforms. 
Mouse brains were used as a source for TOG affinity based tubulin purification. Wild-type 
C57/BL6 mice were administered CO2 gas. Their brains were immediately extracted, washed 
with cold 1XBRB80 pH 6.8 and flash frozen in liquid nitrogen. Brains were thawed on ice and 
homogenized in 50 mM Mes pH 6.6, 1 mM CaCl2, 1 mM PMSF and 1 mM DTT using a 
polytron three times for 5 seconds each at low pulses and three times for 5 seconds at high 
pulses. The lysate was cleared and tubulin was purified as described above.  
 
Purification of recombinant single-isoform human recombinant tubulin 
Recombinant single-isoform human α1A/βIII tubulin was expressed using baculovirus and 
purified as previously described (74). In brief, a1A with an internal His-tag and βIII with a C-
terminal cleavable Flag tag was purified using a Ni-NTA column (Qiagen) and anti-flag G1 
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affinity resin (Gen Script) to ensure no insect tubulin contamination. The tubulin was further 
purified by ion exchange chromatography using a Resource Q anion exchange column (GE 
Healthcare). Peak fractions were combined and buffer exchanged into 1XBRB80 supplemented 
with 20 µM GTP using a PD10 column.  
 
In vitro microtubule dynamics assays 
GMPCPP-stabilized microtubule seeds were prepared as described in Gell et al (135). The 
GMPCPP seeds were immobilized onto neutravidin coated glass as described Szyk et al (136). 
Dynamic assays were performed as described previously (74). The final imaging buffer 
contained 1XBRB80 pH 6.8 supplemented with 100mM KCl, 1mM GTP, 1% pluronic F-127, 
and oxygen scavengers. An objective heater (Bioptechs) was used to heat the chamber to 30°C. 
All chambers were sealed and allowed to equilibrated on the microscope stage for 5 mins before 
imaging. Darkfield images were taken once every 5 seconds. Image acquisition for the 
determination of accurate depolymerization rates, was performed at 40 frames/second. 
Kymographs were generated from darkfield images using the Multi Kymograph Plugin in 
ImageJ. Kymographs were hand traced and dynamic parameters were quantified as described 
(74).  
 
Microtubule cryo-EM sample preparation 
α1B/βI+βIVb tubulin was polymerized at 37°C for 45 minutes at a final concentration of 
2.5mg/ml in BRB80 buffer (80mM PIPES, 2mM MgCl2, 1mM EGTA, 1mM DTT) with 1mM 
GMPCPP. GMPCPP-bound microtubules were double-cycled by depolymerizing GMPCPP 
microtubules on ice for 5 minutes then repolymerizing at 37°C for 45 minutes after adding 
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additional 2mM GMPCPP. GMPCPP-bound MTs were diluted to a final concentration of 2.5 
µM in BRB20 buffer (20mM PIPES, 2mM MgCl2, 1mM EGTA, 1mM DTT) and added to glow-
discharged C-flatTM holey carbon grids (Protochips, 2 µm holes, 4 µm spacing). 20 µM human 
kinesin-3 motor domain (Kif1A, residues 1-361, see (122)) in BRB20 containing 2mM 
AMPPNP was applied to the grid, and the sample was blotted then vitrified in liquid ethane 
using a Vitrobot (FEI Co.) operating at 25°C and 100% humidity. 
 Dynamic microtubules were prepared by polymerizing 5mg/ml a1B/bI+bIVb or bovine 
brain tubulin in BRB80 buffer with 1mM GTP at 37°C for 2 minutes. The sample was applied to 
holey carbon grids in a Vitrobot (FEI Co.) operating at 37°C and 70% humidity and allowed to 
polymerize for a further minute before blotting and vitrification in liquid ethane. 
 
Data Collection and Sub-frame processing for 3D reconstruction 
Images of microtubule-kinesin complexes were collected on a FEI Tecnai G2 Polara operating at 
300kV with a DE20 direct electron detector (Direct Electron) with a calibrated magnification of 
52,117x corresponding to a final sampling of 1.22Å/pixel and a defocus range of 0.5-3.5μm. A 
total electron dose of ~50e-/Å2 over a 1.5 seconds exposure and a frame rate of 15 frames/second 
was used, giving in a total of 23 frames at ~2.2e-/Å2/frame. Sub-frame processing was performed 
as described previously (74). In brief, individual ~2.2e-/Å2 frames were globally aligned using 
Imod scripts (123) then locally aligned using the Optical Flow approach (124) implemented in 
Xmipp (125). The full dose of ~50e-/Å2 was used for particle picking and CTF determination in 
CTFFind3 (126) whereas ~25e-/Å2 was used in particle processing to center particles and 
determine their Euler angles. 
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Cryo-EM Data Processing 
Data processing was performed as previously described (74). Briefly, straight kinesin-3 
decorated 14pf microtubules were manually boxed in Eman Boxer, serving as input for a set of 
custom-designed semi-automated single-particle processing scripts utilizing Spider and Frealign 
as described previously (128) with minor modifications. The final 14pf MT reconstruction was 
assessed for over-fitting during refinement using a high-resolution noise-substitution test (129) 
Using local resolution estimates determined with the blocres program in Bsoft, the 
reconstruction was sharpened with a Bfactor of -180 up to a resolution of 5.5Å or 4Å for 
visualization of kinesin or tubulin densities respectively.  
 
Cryo-EM Model Building and Refinement 
α1B/βI+βIVb tubulin was built directly into density in Coot (130) using the recently solved 
high-resolution cryo-EM model of the brain tubulin 14pf GMPCPP microtubule (PDB 3JAT 
(131)) as a starting model. After model building, real-space refinement with symmetry restraints 
was performed in Phenix followed by refinement with symmetry restraints in REFMAC v5.8 
modified for cryo-EM data (supplementary Table 1) (132). Secondary structure and reference 
restraints used with REFMAC based on the high resolution tubulin crystal structure PDB 4DRX 
(133) were generated with ProSMART (134). 
 
Protofilament number, ring and end-length quantification 
Using a FEI Tecnai T12 operating at 120kV and a 4kx4k CCD camera (Gatan Inc.) images of 
dynamic bovine brain or a1B/bI+bIVb tubulin microtubules were collected. A defocus range of 
2-4µm, a total dose of 30e- over a 1 second exposure and low pass/fourier filtering was used to 
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allow visualization of moiré patterns and thereby assign the MT protofilament and helical start 
number (168). Ring diameters in these dynamic samples were quantified only for closed single 
rings using straight line and ‘measure’ in FIJI (169) from the longest edge-to-edge distance in 
rings imaged at different projection angles. The axial length of curved end regions in dynamic 
microtubule preparations were also measured using straight line and ‘measure’ in FIJI, by 
drawing a straight line continuing along the microtubule axis from the start of the curved/tapered 
region to the microtubule extreme end.  
 
EB1-GFP Tip Tracking 
Human full-length EB1 fused to a C-terminal GFP-tag was purified using a Ni-affinity 
purification. The final concentration of EB1 in the experiments was 100nM. Comets were 
analyzed to give a measurement of the average decay length of the GFP signal on the 
microtubule. First, ImageJ was used to draw kymographs of growing microtubule tips. These 
kymographs are then read in by a custom written MATLAB (Mathworks) script that analyzes the 
peaks. First, the maximum intensity in each line is found and a Gaussian fit to the line profile 
covering 3 µm of the lattice and going 2 µm beyond the microtubule tip is performed to find the 
center of the comet. The location of the center is then subtracted from each data point such that 
the brightest part of the tip is located at zero. These steps were repeated for each line in the 
kymograph. If a line was not able to be fit with a Gaussian to determine the center, it was 
skipped. Next, all of the aligned profiles are binned into single pixel size bins (77 nm) and their 
average values were calculated. These data were then plotted in Prism and a single exponential 
decay was fit from the first pixel after the peak to the end of the comet tail. The inverse of the fit 
parameter yielded the mean decay length for each condition.   
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Results  
Purification of Human Unmodified α1B/βI+βIVb Tubulin and Brain Tubulin 
We purified tubulin from mouse brain and human embryonic kidney (tsA 201) cell line using a 
modified TOG-affinity purification method (74, 162) (Materials and Methods) in order to obtain 
the purity required for reproducible in vitro dynamics assays. Mass spectrometric analysis shows 
that tubulin isolated from this cell line contains predominantly one α- and two β-tubulin 
isoforms with no detectable post-translational modifications (Figure 1). In order to allow a side-
by-side comparison, we also purified tubulin from mouse brain using the same TOG based 
purification procedure. Mass spectrometric analysis shows its high level of heterogeneity with 

















Figure 1: Mass spectra of TOG purified tubulin from brain tissue and tsA201 cells 
A) Mass spectra and SDS-polyacrylamide gel (inset) of TOG-affinity purified and cycled mouse brain 
tubulin. B) Mass spectra and SDS-polyacrylamide gel (inset) of TOG-affinity purified and cycled tsA201 
cell line. The two lanes on the gel are two different amounts of tubulin loaded: 5µgs (left) and 2µgs 
(right).  
 











In Vitro Dynamics of Human Unmodified α1B/βI+βIVb Tubulin 
  To examine the dynamics of α1B/βI+βIVb tubulin, we performed label-free in vitro 
dynamic assays using darkfield microscopy (Figure 2). To quantify dynamic parameters, we 
generated kymographs from time-lapse images of dynamic microtubules (Figure 2A). We find 
the plus end growth rates for α1B/βI+βIVb microtubules are ~2-fold faster than brain 
microtubules (Figure 2D). Consistent with this, the plus-end on-rate is 3.7 dimers s-1 µM-1 
compared to 2.0 dimers s-1 µM-1 for brain tubulin (Figure 2C). The plus-end catastrophe 
frequency (the transition from growth to shrinkage) is ~2-fold lower than that of brain 
microtubules (Figure 2D). Earlier studies reported Hela microtubules comprised mainly of 
βI+βIVb tubulin and an unknown α-tubulin composition, catastrophe less than brain 
microtubules, in agreement with our observations (68). The minus end growth rates and 
catastrophe frequencies for α1B/βI+βIVb microtubules are statistically indistinguishable from 
brain microtubules (Figure 2E). The dynamic parameters observed for α1B/βI+βIVb 
microtubules are reproducible across multiple preparations purified from different tsA201 cell 
growths (Figure S1). Thus, unmodified α1B/βI+βIVb microtubules are more stable and reach 
longer mean lengths than heterogeneous brain microtubules. The 3-fold increase in mean 
microtubule length from 3.9±0.3 mm to 10.7±0.6 mm for α1B/βI+βIVb microtubules is achieved 
mainly through a combination of catastrophe suppression and polymerization enhancement 
(Figure 2D). 
 Darkfield imaging allows acquisition at high frame rates that enables the determination of 
depolymerization rates with high accuracy. These measurements show that α1B/βI+βIVb 
microtubules depolymerize 33% faster than brain microtubules (Figure 2B). Interestingly, the 
depolymerization rate of α1B/βI+βIVb microtubules is faster than that of α1A/βIII microtubules 
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(38.9±2.3 µm/min and 30.5±1.3 µm/min for α1B/βI+βIVb and α1A/βIII microtubules, 
respectively). This indicates that microtubules with different isoform compositions have the 
potential to generate different end depolymerization forces that could be harnessed to move 













Figure 2: Dynamics of brain and α1B/βI+βIVb  microtubules 
A) Kymographs showing typical microtubule growth for brain and α1B/βI+βIVb tubulin at 6 µM. 
Horizontal and vertical scale bars, 5 µm and 5 min, respectively. B) Left panel, kymographs showing a 
typical depolymerization event for brain and α1B/βI+βIVb microtubules. Horizontal and vertical scale 
bar, 5 µm and 2 s, respectively. Right panel, Tukey plot showing plus-end depolymerization rates at 6 
µM tubulin; n = 12 and 27 events for brain and α1B/βI+βIVb microtubules, respectively. C) Plus-end 
growth rates as a function of varying tubulin concentration for brain (gray) and α1B/βI+βIVb 
microtubules (blue). D) Plus-end dynamics of brain (gray) and α1B/βI+βIVb (blue) microtubules at 6 µM 
tubulin. From left to right, box-whisker plot (whiskers indicate minimum and maximum) showing plus-
end growth rates for brain and α1B/βI+βIVb microtubules; n = 38 and 191 events for brain and 
α1B/βI+βIVb tubulin, respectively. Plus-end catastrophe frequencies; n = 20 and 69 microtubules for 
brain and α1B/βI+βIVb tubulin, respectively. Plus-end microtubule mean lengths; n = 49 and 102 events 
for brain and α1B/βI+βIVb tubulin, respectively. Plus-end microtubule mean lifetimes; n = 49 and 102 
events for brain and α1B/βI+βIVb tubulin, respectively. E) Minus-end dynamics of brain and for brain 
and α1B/βI+βIVb tubulin at 6 µM tubulin. From left to right, box-whisker plot (whiskers indicate 
minimum and maximum) showing minus-end growth rates for brain and α1B/βI+βIVb tubulin; n = 12 
and 84 events for brain and α1B/βI+βIVb tubulin, respectively. Minus-end catastrophe frequencies; n = 
10 and 33 microtubules for brain and α1B/βI+βIVb tubulin, respectively. Minus-end microtubule mean 
lengths; n = 9 and 10 events for brain and α1B/βI+βIVb, respectively. Minus-end microtubule mean 
lifetimes; n = 9 and 10 events for brain and α1B/βI+βIVb, respectively. **, *** and ****, p-values 




4.2 Å Cryo-EM Structure of Unmodified α1B/βI+βIVb Microtubules 
To gain insight into its assembly properties we determined the structure of α1B/βI+βIVb 
microtubules in the presence of the non-hydrolyzable GTP-analog, GMPCPP, using cryo-
electron microscopy and single-particle reconstruction (Figure 3A). The overall resolution of the 
reconstruction is ~4.2Å (Figure S2A, gold-standard noise-substitution test; Fourier shell 
correlation 0.143 criterion (129)); however, assessment of local resolution suggests that much of 
the tubulin falls within a higher resolution range (~3.5Å in more buried regions to ~4.5Å in the 
most surface exposed regions; Figure S2). At this resolution the pitch of helices, b-strand 
separation and side chain densities were apparent and occupancy of nucleotide triphosphate 
could be seen at both the E-site and N-site in βI+βIVb and α1B-tubulin, respectively (Figures 
3A and 3B). The structures of microtubules formed from α1B/βI+βIVb and brain tubulin 
(previously determined, PDB, 3JAT) are similar. No significant differences were detected at 
either lateral or longitudinal interfaces between tubulin dimers at this resolution. The dimer 
repeat distance in GMPCPP α1B/βI+βIVb microtubules (83.4Å±0.1Å) was only slightly longer 
than that in GMPCPP brain microtubules (83.1±0.0Å), consistent with the presence of an 
‘extended’ lattice in microtubules polymerized from this nucleotide analogue (131, 146). Despite 
only one isoform being present for a-tubulin and two for b-tubulin, with no discernable post-
translational modifications (Figure 1) the C-terminal tails and acetylation loop are unresolved in 
our reconstruction presumably due to the flexibility of these regions in the absence of effectors 
as also seen in previous reconstructions of both heterogenous brain microtubules and single-
isoform recombinant microtubules (74, 131, 144).  
 Dynamic microtubules polymerized in standard BRB80 with GTP showed similar 
protofilament distributions for both brain and α1B/βI+βIVb microtubules, with ~67% containing 
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14 and ~33% 13 protofilaments (Figures S2C and S2D). The ends of dynamic growing 
microtubules transition from the straight lattice characteristic of the stable polymer to a curved 
and tapered region where protofilaments are missing (150, 170). This feature was clear in 
micrographs of both polymerizing brain and α1B/βI+βIVb tubulin (Figure 3C). The length of the 
tapered region in dynamic α1B/βI+βIVb and brain microtubules was measured. A wide 
distribution from very short (<10nm) to rare, but very long (>100nm) end regions was found for 
both (Fig. 3D). Although the distributions show a large degree of overlap, α1B/βI+βIVb 
microtubule tapered ends were significantly shorter than those of brain microtubules (Figure 3D; 
30.3±3.3nm vs 54.4±7.2nm for a1B/bI+bIVb and brain, respectively). In addition, the variance 
of the tapered ends lengths was lower within the  α1B/βI+βIVb sample than the brain tubulin 
sample with the frequency distribution of α1B/βI+βIVb microtubules more skewed towards 
shorter microtubule ends and that of brain microtubules towards longer microtubule ends (Figure 
3E). Previous studies proposed that tapered microtubule tips are more likely to catastrophe than 
blunt microtubule tips (171). Therefore, it is possible that the longer tapered tips for brain 
microtubules cause the higher catastrophe frequency observed when compared to α1B/βI+βIVb 
microtubules. The less tapered end architecture of the α1B/βI+βIVb microtubules can also 
reflect a higher probability of successful incorporation of the more homogenous α1B/βI+βIVb 
dimers in the microtubule lattice compared to brain tubulin where the highly heterogenous 
mixture of the dimers can lead to defects in the lattice and the pause in growth of some 
protofilaments, thus the more extreme tapered structures. 
 In dynamic microtubule preparations viewed by cryo-EM a proportion of tubulin 
‘peeling’ from depolymerizing microtubule ends closes into rings containing longitudinally 
associated and curved tubulin dimers (150). We observed tubulin rings in micrographs of both 
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dynamic α1B/βI+βIVb and brain tubulin preparations (Figure 3F). Even though shapes, sizes 
and orientations of rings in 2D cryo-EM images projections vary, the longest wall-to-wall 
distance in the rings provides a measure of overall protofilament curvature. Thus, ring diameters 
for both sets of dynamic microtubules were measured with α1B/βI+βIVb rings being 
significantly larger on average (41.0±0.2nm) than brain tubulin rings (37.3±0.5nm) (Figure 3G). 
Thus, the average tubulin curvature per dimer length (8.2nm) of α1B/βI+βIVb is 22.8° compared 
to 25.1° for brain tubulin (Figure 3G). Tubulin dimers need to straighten upon incorporation into 
the microtubule lattice (47, 172, 173). Our data suggests that the energy penalty for straightening 
the α1B/βI+βIVb dimers during microtubule incorporation is lower, consistent with the higher 

















Figure 3: Cryo-electron microscopy of α1B/βI+βIVb  microtubules 
A) A cross section of the cryo-EM map (gray density) and model of GMPCPP human α1B/βI+βIVb 
microtubules (three protofilaments shown). A central protofilament (Pf2) makes lateral contacts with 
adjacent protofilaments (Pf1 and Pf3); α-tubulin, orange, β-tubulin, red (Pf1, Pf3); α-tubulin, cyan; β-
tubulin, purple (Pf2). B) β-tubulin helix H7 and GMPCPP (left, purple) and α-tubulin helix H7 and GTP 
(right, cyan) and their corresponding experimental densities (gray density). C) Gallery of polymerizing 
brain and α1B/βI+βIVb microtubule ends. Similar architectures are observed, including short and long 
taper/curved region lengths. (D) Quantification of the length of the curved/tapered region for bovine and 
mouse brain and α1B/βI+βIVb microtubule ends. * and ** p-values <0.05 and < 0.01, respectively 
determined by Mann-Whitney test.E) Histogram showing curved/tapered region length frequency of 
α1B/βI+βIVb microtubule ends. F) Gallery of tubulin rings in dynamic preparations of brain (top) and 
α1B/βI+βIVb microtubules  (bottom) showing rings of different diameters and orientations. G) 
Quantification of maximum ring diameter from brain and α1B/βI+βIVb dynamic microtubule 
preparations. p-values < 0.0001 respectively determined by Mann-Whitney test 
 







The Lengths of EB1 Comets Are the Same on α1B/βI+βIVb and Brain Microtubules 
 
Polymerizing microtubules are protected from depolymerization by a GTP-cap at the end of 
growing microtubules generated by a lag between the GTP hydrolysis rate of tubulin in the 
microtubule lattice and microtubule elongation. Once the stabilizing cap is “lost”, the 
microtubule transitions from growth to shrinkage (18, 46). Because of α1B/βI+βIVb 
microtubules catastrophe less than brain microtubules, we hypothesized that there might be a 
difference in the stabilizing GTP cap size between growing α1B/βI+βIVb and brain 
microtubules. The EB1 family of proteins is thought to preferentially bind to the growing 
microtubule end by sensing the GTP (or GDP-Pi) in the cap structure (174-176). Therefore, the 
size of the EB1 binding region can be used as a read-out of the GTP cap size (174). We 
measured EB1-GFP comet lengths at different growth speeds for brain and α1B/βI+βIVb 
microtubules (Figure 4). The EB1-GFP comet length increases with increasing microtubule 
growth speeds for brain tubulin as expected based on earlier studies (174). This was also 
observed for α1B/βI+βIVb microtubules (Figures 4A and 4B). Interestingly, when brain and 
α1B/βI+βIVb microtubules are compared at the same growth speeds, the EB1-GFP comet 
lengths are statistically indistinguishable (Figure 4C), suggesting that there is no significant 
difference in the GTP cap size between brain and α1B/βI+βIVb microtubules. These results 
indicate that the lower catastrophe frequency and faster growth rates of the α1B/βI+βIVb 
microtubules are due mostly to the large differences between the tubulin on-rates. We cannot 
















Figure 4: EB1-GFP comet analysis on brain and α1B/βI+βIVb microtubules 
A) TIRF microscopy images of EB1-GFP comets at the ends of growing brain microtubules (left) and 
α1B/βI+βIVb (right) microtubules at different growth speeds. From top to bottom, brain microtubule 
growth speeds are 0.8µm/min, 2.1µm/min and 4.2µm/min. From top to bottom α1B/βI+βIVb microtubule 
growth speeds are 0.7µm/min, 2.3µm/min and 4.3µm/min. Scale bar, 2µm. B) Averaged fluorescence 
intensity profiles of EB1-GFP comets at different growth speeds of brain microtubules (left) and 
α1B/βI+βIVb   (right). C) EB1-GFP comet tail lengths as a function of microtubule growth speeds for 
brain (gray) and α1B/βI+βIVb (blue) microtubules. Comet tail lengths were obtained by single 
exponential fits to the averaged intensity profiles (Materials and Methods).  
 





















Modulation of α1B/βI+βIVb Tubulin Dynamics by a Neuronal Isoform 
 
βIII, a neuronal specific tubulin isoform, is overexpressed in various tumors and has been 
identified as a strong prognosticator of poor clinical outcomes (140). Its mRNA levels can 
increase as much as 43- and 71-fold in breast and lung cancers, respectively when compared to 
mRNA levels in non-tumoral tissues (117). bIII constitutes 25% of tubulin purified from brain 
tissue (58), but is not found in any non-neuronal tissue except upon transformation (117). In 
order to understand the effects of neuronal tubulin on microtubule dynamics in non-neuronal 
cells, we characterized the dynamic parameters of α1B/βI+βIVb tubulin in the presence of 
increasing amounts of neuronal α1A/βIII tubulin (Figure 5). We expressed and purified 
recombinant α1A/βIII tubulin through a double-selection strategy using an affinity-tag on both 
a- and b-tubulin. This tubulin is >99.9% homogenous, modification-free and free of 
contamination from endogenous insect tubulins and assembly-competent (74). We titrated 
recombinant neuronal α1A/βIII tubulin into non-neuronal α1B/βI+βIVb tubulin and measured 
microtubule dynamics parameters. These show that microtubule dynamic parameters can be 
tuned by the proportion between these two types of tubulins. Equimolar amounts of non-neuronal 
α1B/βI+βIVb and neuronal α1A/βIII results in plus-end growth rates comparable to those of 
α1A/βIII tubulin alone (Figure 5A) while plus-end catastrophe frequencies are similar to those of 
neuronal α1A/βIII only when 3-fold molar excess of α1A/βIII tubulin is added. α1A/βIII tubulin 
does not polymerize on its own at the concentrations used. We do not detect any statistical 
significant differences in minus-end dynamics. Therefore, the intrinsic microtubule dynamic 
properties can be tuned by the titration of different tubulin isoforms. Moreover, these 
experiments indicate that the over-expression of the α1A/βIII tubulin in tumors can significantly 
alter global microtubule dynamics, with the differences observed being comparable to those 
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elicited by microtubule associated proteins such as XMAP215 (116) or MCAK (177). A 
destabilizing effect of neuronal βIII tubulin was also observed recently when mixed with 
recombinant βII tubulin in the presence of an unknown a-tubulin composition that included 
insect α-tubulin (178) as well as in earlier experiments with brain microtubules depleted of βIII 
tubulin by immunoaffinity chromatography (120). 
 In conclusion, the majority of in vitro dynamics studies performed use heterogenous 
scrambled brain microtubules with isoform composition and post-translational modifications that 
are not representative of the many cell types found in our bodies as well as the majority of cell 
lines used for cell biological investigations. Recent work using S. cerevisiae tubulin showed 
strikingly different activities of the tip tracking protein Stu2p when compared to heterogeneous 
brain microtubules (153), indicating the importance of studying the effects of regulators with the 

















Figure 5: Modulation of α1B/βI+βIVb tubulin dynamics by addition of α1A/βIII tubulin  
A) Left panel, box-whisker plot (whiskers indicate minimum and maximum) showing plus-end 
growth rates at 6µM tubulin; n = 191, 258, 432, 377 and 203 events for α1B/βI+βIVb, 75% 
α1B/βI+βIVb 25% α1A/βIII, 50% α1B/βI+βIVb  50% α1A/βIII, 25% α1B/βI+βIVb  75% 
α1A/βIII and α1A/βIII tubulin, respectively. Right panel, plus-end catastrophe frequencies; n = 
69, 77, 113, 94 and 85 microtubules for α1B/βI+βIVb, 75% α1B/βI+βIVb 25% α1A/βIII, 50% 
α1B/βI+βIVb  50% α1A/βIII, 25% α1B/βI+βIVb  75% α1A/βIII and α1A/βIII tubulin, 
respectively. B) Left panel, box-whisker plot (whiskers indicate minimum and maximum) 
showing minus-end growth rates at 6µM tubulin; n = 84, 66, 206, 91 and 93 events for 
α1B/βI+βIVb, 75% α1B/βI+βIVb 25% α1A/βIII, 50% α1B/βI+βIVb  50% α1A/βIII, 25% 
α1B/βI+βIVb  75% α1A/βIII and α1A/βIII tubulin, respectively. Right panel, minus-end 
catastrophe frequencies; n = 33, 34, 59, 30 and 40 microtubules for α1B/βI+βIVb, 75% 
α1B/βI+βIVb 25% α1A/βIII, 50% α1B/βI+βIVb  50% α1A/βIII, 25% α1B/βI+βIVb  75% 












Here, we present for the first time the cryo-EM structure and in vitro dynamics parameters for 
unmodified α1B/βI+βIVb tubulin purified from a human embryonic kidney cell line. We show 
that α1B/βI+βIVb microtubules have dramatically different dynamic parameters than those of 
brain microtubules characterized by faster growth rates and lower catastrophe frequencies. These 
differences are comparable in magnitude to those elicited by microtubule associated proteins 
(116, 177). Moreover, we discovered that the faster growing α1B/βI+βIVb microtubules have 
less tapered microtubule tip structures that could explain the faster growth rates and lower 
catastrophe frequencies that we measure for these microtubules. Furthermore, we demonstrate 
that the dynamics of non-neuronal α1B/βI+βIVb microtubules can be modulated by the addition 
of a neuronal tubulin isoform that has slower growth rates and higher catastrophe frequencies. 
Thus, in addition to the potential isoform specific recruitment of microtubule regulators, different 
microtubule dynamics microtubules in cells can be elicited by modulating the relative expression 
levels of tubulin isoforms.  
Experimental Contributions:   
 
 I purified the TOG-affinity based tubulin. Dr. Agnieszka Szyk purified the recombinant 
tubulin and I assisted with the purification. Both Dr. Jeffrey Spector and I performed the in vitro 
microtubule dynamics and analyzed the dynamics data. Dr. Joseph Atherton from Dr. Carolyn 
Moores’ lab determined the EM structure. Any figures I did not contribute, I have highlighted 



















Supplementary Figure 1: Consistent dynamic parameters for α1B/βI+βIVb and brain tubulin from 
different purifications.  
A) Consistent dynamic parameters for α1B/βI+βIVb tubulin from different purifications. From left to 
right: Box-whisker plot (whiskers indicate minimum and maximum) showing plus-end growth rates at 
6µM  tubulin  from two different tubulin preparations; n = 246 and 191 events for purification 1 and 
purification 2, respectively. Plus-end catastrophe frequencies; n = 90 and 69 microtubules. Plus-end 
microtubule lengths; n = 74 and 102 events. Plus-end microtubule lifetimes; n = 74 and 102 events for 
purification 1 and purification 2, respectively. B). Dynamic parameters of mouse brain tubulin purified 
via the TOG affinity approach and commercial brain tubulin (Cytoskeleton Inc.). From left to right: Box-
whisker plot (whiskers indicate minimum and maximum) showing plus-end growth rates at 6µM 
 tubulin  from the two different tubulin preparations; n = 38 and 101 events for mouse brain tubulin and 
commercial porcine tubulin, respectively. Plus-end catastrophe frequencies; n = 20 and 32 microtubules. 
Plus-end microtubule lengths; n = 49 and 76 events. Plus-end microtubule lifetimes; n = 49 and 76 events 



















Supplementary Figure 2: Resolution estimates and protofilament number analysis of α1B/βI+βIVb 
microtubules.  
A) Utilizing the gold-standard noise substitution method (129) the FSCtrue curve gives an overall 
resolution estimate of 4.2Å for the reconstruction α1B/βI+βIVb GMPCPP microtubules bound to 
kinesin-3. B) Using the Bsoft program blocres (147) local resolution estimates were calculated and used 
to color the unfiltered whole reconstruction density. Red density corresponds to 3.5 Å resolution, with a 
continuum of colors indicating the resolution gradient, ending with blue at 5.5 Å resolution. Tubulin is at 
a higher resolution, ranging from ∼3.5 Å in central regions to ∼4.5 Å in more flexible peripheral surface-
exposed regions. Kinesin-3, used as a fiducial marker for alignment purposes, is at lower resolution 
(resolution of ∼5.5 Å) and is excluded from display items. C) Raw image of dynamic  α1B/βI+βIVb 
microtubules. Microtubules are individually labeled with their protofilament number (from 12-14) and 
start number (3) according to analysis of their Moire patterns (179). D) Quantification of protofilament 
number distributions for dynamic brain or α1B/βI+βIVb microtubules polymerized under identical 
conditions. 
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Spastin and katanin sever and destabilize microtubules. Paradoxically, despite their destructive 
activity they increase microtubule mass in vivo.  Here we combine single-molecule fluorescence 
total internal reflection and electron microscopy to show that the elemental step in microtubule-
severing was the generation of nanoscale damage throughout the microtubule by active 
extraction of tubulin heterodimers. These damage sites were repaired spontaneously by GTP-
tubulin incorporation rejuvenating and stabilizing the microtubule shaft. Consequently, spastin 
and katanin increased microtubule rescue rates. Furthermore, newly severed ends emerged with a 
high-density of GTP-tubulin that protected them against depolymerization. The stabilization of 
the newly severed plus-ends and the higher rescue frequency synergized to amplify microtubule 
number and mass. Thus, severing enzymes regulate microtubule architecture and dynamics by 








The plasticity of the microtubule cytoskeleton follows from multiple levels of regulation through 
microtubule-end polymerization and depolymerization, crosslinking, and microtubule severing. 
Microtubule severing generates internal breaks in microtubules. It is mediated by three enzymes 
of the AAA (ATPases associated with various cellular activities) ATPase family – katanin, 
spastin and fidgetin (reviewed in (80)) that are widely conserved in animals and plants. They are 
critical for the generation and maintenance of complex non-centrosomal microtubule arrays in 
neurons (107, 180-182) and the plant cortex (103, 183, 184), and regulate meiotic and mitotic 
spindle morphology and length (93, 98, 185, 186), cilia biogenesis (83, 187), centriole 
duplication (83, 84), cytokinesis (188, 189) , axonal growth (190), wound healing (191) and 
plant phototropism (103, 184) . Both spastin and katanin are associated with debilitating 
diseases. Spastin is mutated in hereditary spastic paraplegias, neurodegenerative disorders 
characterized by lower extremity weakness due to axonopathy (reviewed in (192) ). Katanin 
mutations cause microcephaly, seizures and severe developmental defects (83, 84, 193). Disease 
mutations impair microtubule severing (89, 92). 
 Paradoxically, in many of these systems, the loss of the microtubule-severing enzyme 
leads to a decrease in microtubule mass (reviewed in (192)). Spastin loss causes sparse 
disorganized microtubule arrays at Drosophila synaptic boutons (107) , and impaired axonal 
outgrowth and sparse microtubule arrays in zebrafish axons (108) . Similarly, katanin loss leads 
to sparse cortical microtubule arrays in Arabidopsis (103, 194), while in C. elegans meiotic 
spindles it results in loss of microtubule mass and number (104). It was hypothesized that the 
increase in microtubule number and mass results from templated nucleation from the severed 
ends (105, 106). This is an attractive mechanism for rapidly generating microtubule mass, 
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especially in the absence of centrosome-based nucleation as in neurons or meiotic spindles. This 
severing-dependent microtubule amplification has been directly observed in plant cortical 
microtubule arrays (103). However, for this amplification to operate, the GDP-tubulin lattice 
exposed through severing would have to be stabilized because GDP-microtubules depolymerize 
spontaneously in the absence of a stabilizing GTP-cap (18, 45, 109, 110). We wanted to study 
this paradox and combined time-resolved transmission electron microscopy (TEM) and total 
internal reflection fluorescence (TIRF) microscopy to study the effects of severing enzymes 

















Material and Methods 
Protein expression and purification 
Drosophila melanogaster full-length spastin was purified by affinity chromatography and ion 
exchange as previously described (195). Caenorhabditis elegans His-tagged katanin Mei1/Mei2 
(93) was purified by Ni-affinity chromatography. The affinity tag was removed by Tobacco Etch 
Virus protease and the protein was further purified on an ion exchange MonoS column (GE 
Healthcare) as previously described (87). Peak fractions were concentrated, buffer exchanged 
into 20 mM Hepes 7.0, 300 mM KCl, 10 mM MgCl2 and 1 mM TCEP and flash frozen in small 
aliquots in liquid nitrogen. Homo sapiens EB1-GFP was expressed and purified as previously 
described (196). Human α1AβIII tubulin with an engineered FLAG-tag at the β-tubulin C-
terminus was expressed using baculovirus and purified as described previously (74).  
Transmission electron microscopy of microtubule severing reactions 
Taxol-stabilized GDP microtubules were prepared by polymerizing 10 μl of 100 μM glycerol-
free porcine tubulin (Cytoskeleton Inc., Denver, CO) in 80 mM K-PIPES pH 6.8, 1 mM MgCl2, 
1 mM EGTA, 10 % DMSO, 1 mM GTP for 1 hour in 37 °C water bath. Taxol was added to 20 
μM final concentration and the reaction was incubated on the bench top for 1-2 hours. 
Microtubules were loaded on 60 % glycerol cushion (BRB80, 60 % (v/v) glycerol and 20 μM 
taxol) at 37 °C using a pipette tip with the tip cut off. Non-polymerized tubulin was removed by 
centrifugation in a TLA100 rotor at 35,000 rpm for 15 min at 37 °C. The pellet was gently re-
suspended to 2.5 μM of tubulin in BRB80, supplemented with 20 μM taxol and 1mM GTP at 37 
°C using a pipette tip with the tip cut off.  
 For GDP microtubules, all polymerization and severing reactions were performed at 37 
°C. 20 μl of 100 μM glycerol-free porcine tubulin (Cytoskeleton Inc.) was polymerized in 10 % 
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DMSO, 1 mM GTP and 10 mM MgCl2 for 1 hour at 37 °C water bath. The microtubules were 
passed through 60 % glycerol cushion (BRB80, 60 % (v/v) glycerol and 1mM GTP) using a 
TLA100 rotor at 35,000 rpm for 15 min to remove non-polymerized tubulin. The pellet was 
washed twice using 50 μl buffer (BRB80, 10 % DMSO, 1 mM GTP) and gently re-suspended to 
30 μM in the same buffer using a pipette tip with the tip cut off.  
 GMPCPP microtubules were prepared by polymerizing 20 μl of 100 μM glycerol-free 
porcine tubulin (Cytoskeleton Inc.) in 1mM GMPCPP in BRB80 (80 mM PIPES-KOH pH6.8, 
1mM MgCl2, 1mM EGTA, 1mM DTT) on ice for 5 min and then in a water bath at 37 °C for 1 
hour. Non-polymerized tubulin was removed by centrifugation in a TLA100 rotor at 126,000 x g 
for 5 min at 37 °C. The pellet was washed twice with 50 μl of BRB80 at 37 °C and re-suspended 
in 50 μl of ice-cold BRB80. The reaction was kept on ice for 30 min and periodically mixed up 
and down to fully depolymerize microtubules. GMPCPP was added to 1 mM and the 
polymerization reaction was transferred to 37 °C for 2-4 hrs or overnight. Non-polymerized 
tubulin was removed by centrifugation and washed as described above. The microtubule pellet 
was gently re-suspended to 2.5 μM of tubulin in BRB80 using a pipette tip with the tip cut off. 
 We found that performing severing reactions in the tube followed by pipetting onto 
electron microscopy grids resulted in microtubule breakage. We therefore first carried out 
severing reactions on the electron microscopy grid. Briefly, 2ml microtubule solution (at 1 to 3 
μM) in BRB80 (80mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA) was applied to a glow-
discharged Cu grid, followed by pipetting of 2μl ATP solution (10mM ATP in BRB80 
supplemented with 20mM taxol, for taxol stabilized microtubules) and 2μl spastin (at 100 nM). 
The reaction was allowed to proceed on grid for one minute or as specified, after which the 
liquid was wicked off with calcium-free filter paper, and the grid was stained with 0.75% (w/v) 
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uranyl formate, and air-dried. Images were collected on a FEI Morgagni 286 electron microscope 
operated at 80kV and equipped with AMT lens-coupled 1k x 1k CCD camera. For the solution 
severing reaction time courses, 20 μl of GMPCPP or taxol-stabilized microtubules in BRB80 
buffer at 2.5 mM or 0.5mM were applied to parafilm followed by addition of 20 μl of 50 nM 
spastin or 200 nM katanin in 20 mM HEPES pH 7.5, 300 mM KCl, 10 mM MgCl2, 1mM TCEP 
and 1mM ATP to a final concentration of 25 nM spastin and 100 nM for katanin. For the 
solution severing reaction time courses of non-stabilized GDP microtubules, 20 μl of 30 mM 
GDP microtubules in the presence of 10% DMSO were incubated with 2 μl of 20 nM katanin. 
Buffer without severing enzymes was added to microtubules as a negative control. The severing 
reactions were incubated for 30 sec, 2 or 5 mins and carbon-coated grids (Carbon Film only on 
400 mesh, Ted Pella, Inc.) were dipped in the reactions. Excess liquid was blotted using filter 
paper. Grids were washed three times with 40 μl BRB80, stained with 0.75 % (w/v) uranyl 
formate and air-dried. Images were collected on a T12 Technai electron microscope (FEI) 
equipped with a 2k x2k Gatan US1000 CCD camera. Images were collected at nominal 
magnifications of 550x, 13,000x or 30,000x corresponding to pixel sizes of 84 Å/pix, 3.55 Å/pix, 
or 1.54 Å/pix, respectively.  
TIRF based assays of tubulin incorporation into stabilized microtubules damaged by 
spastin and katanin 
Double-cycled, GMPCPP-stabilized microtubules (151) were polymerized from 2 mg/ml porcine 
brain tubulin (Cytoskeleton). First polymerization was 1 h, the second polymerization step was at 
least 4 h to obtain long microtubules. Then microtubules were centrifuged, resuspended in warm 
BRB80 (80 mM K-PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA) and stored at 37°C or RT and 
used within a day. The same results were obtained regardless of whether the storage temperature 
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was 37°C or RT. Taxol-stabilized microtubules (195) were polymerized from 5 mg/ml porcine 
brain tubulin containing 1% biotinylated and 20% HiLyte647-labeled tubulin (Cytoskeleton) in 
BRB80 with 10% DMSO, 0.5 mM GTP and 10 mM MgCl2. After 1 h incubation at 37°C, 20 µM 
Taxol was added and the mixture was further incubated ON. Microtubules were then centrifuged 
through a 60% glycerol cushion for 12 min at 109,000 g, 35°C. The microtubule pellet was 
washed with warm BRB80 supplemented with 14.3 mM 2-mercaptoethanol and 20 µM Taxol, 
and resuspended gently in the same buffer.  
Chambers for TIRF microscopy were assembled as previously described (195). Double-cycled 
GMPCPP microtubules containing 1% biotinylated tubulin and 20% HiLyte647-labeled tubulin 
(or unlabeled tubulin for the DIC assays) assembled as above were immobilized in the chamber 
with 2 mg/ml Neutravidin (Thermo Fisher Scientific) and imaged by TIRF or DIC microscopy in 
severing buffer (BRB80 buffer with 2 mg/ml casein, 14.3 mM 2-mercaptoethanol, 2.5% 
glycerol, 50 mM KCl, 2.5 mM MgCl2, 1 mM ATP, 1% Pluronic F127 (Life Technologies) and 
oxygen scavengers). To introduce and detect nanoscale damage in microtubules (Fig. 2), 
immobilized microtubules were then incubated with 10 nM spastin or 2 nM katanin in severing 
buffer for 35 s or 90 s respectively. Microtubules in control experiments were incubated without 
severing enzyme. The enzyme mixture was then replaced with 1 µM HiLyte488-labeled tubulin 
(Cytoskeleton), 1 mM ADP, 0.5 mM GTP, 1% F127 Pluronic, 2.5 mg/ml casein in BRB80 and 
left to incubate for 5 min. The tubulin containing solution was then washed out with 45 µl of 
BRB80 supplemented with oxygen scavengers, 1.5 mg/ml casein, 10 mM 2-mercaptoethanol and 
1% F127 Pluronic. Microtubules and HiLyte488-labeled tubulin were imaged by TIRF. Multiple 
fields of view were imaged. The same assay was performed for taxol-stabilized microtubules, but 
in this case the repair step was performed with 0.1 mM soluble tubulin to prevent microtubule 
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nucleation in the presence of taxol. For time course experiments, the same protocol was used 
except that microtubules were incubated with 2 nM spastin (fig. S3) or 2 nM katanin (fig. S4) for 
35-120 sec. Control microtubules were incubated without severing enzyme for 120 sec. 1 µM 
HiLyte488-labeled tubulin was used for the repair step. For repair with 1 µM recombinant 
human tubulin (fig. S6), nanodamaged microtubules were incubated for 5 min with recombinant 
tubulin. Unincorporated tubulin was washed away and tubulin incorporated into microtubules 
was detected by anti-FLAG M2 antibodies (Sigma Aldrich, diluted 1:500) and goat anti-mouse 
antibodies conjugated with Alexa Fluor 488 (Invitrogen, diluted 1:1000). All assays were 
performed at room temperature. Details regarding image acquisition and analysis are described 
in the subsection below. 
Image acquisition and analysis of tubulin incorporation in GMPCPP- and taxol-stabilized 
microtubules by TIRF microscopy 
Images were acquired using a Nikon Ti-E microscope equipped with a 100x 1.49 NA oil 
objective and a TI-TIRF adapter (Nikon). The 488 excitation laser (Coherent Inc.) was set at 20 
mW and the 647 nm laser (Coherent Inc) was set to 2 mW before being coupled into the Ti-TIRF 
optical fiber (Nikon). Two-color simultaneous imaging was performed using a TuCAM (Andor) 
device that splits the emission on to two separate EMCCD cameras (Andor iXon 897). The 
excitation and emission were split by a quad band dichroic (Semrock) and the emission was 
further split by an FF640 filter (Semrock) and further filtered with a FF01-550/88 (Semrock) for 
the 488 channel and a FF01-642/LP (Semrock) for the 640 channel. The Tucam imaging system 
introduces an extra 2X magnification yielding a final pixel size of 77 nm. The images from the 
two cameras were aligned by first imaging a grid of spots (Nanogrid MiralomaTech) on each 
camera and using the GridAligner plug-in for ImageJ.  
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DIC illumination was provided by a SOLA-SE-II (Lumencor) coupled to the microscope by a 
liquid light guide. A standard set of polarizer and analyzer (Nikon 100 X-II High NA/Oil) prisms 
were used and the image was captured on a CoolSNAP (Photometrics) camera. The final pixel 
size for DIC images was 65 nm. Raw DIC images were processed using an FFT bandpass filter. 
DIC images were scaled and transformed to overlay with fluorescent images by imaging 
fluorescent microtubules in both channels for image registration. The entire imaging setup was 
controlled by Micro-Manager (197). 
For data shown in figs. S3 and S4, images were analyzed using scripts in ImageJ and MATLAB. 
First, the offset between 640 and 488 channels was corrected with the GridAligner plugin. Then 
microtubules were selected with 7 px-wide line selection and line scans were generated. These 
line scans were imported into a MATLAB script that identified the peaks in the 488 channel and 
recorded the number, intensity and full-width-at-half-maximum (FWHM) of the repair sites. The 
FWHM for a diffraction-limited spot was obtained using 100 nm TetraSpeck beads (Thermo 
Fischer Scientific). Data were exported to PRISM software for graphing. 
Transmission electron microscopy of microtubules repaired with recombinant tubulin 
GMPCPP microtubules at 1 μM concentration in 1x BRB80 were applied to parafilm in a 
humidity chamber and incubated with 20 nM spastin in microtubule-severing buffer (20 mM 
HEPES pH 7.5, 300 mM KCl, 10 mM MgCl2, 1 mM TCEP and 0.5 mM ATP). Buffer containing 
0.5 mM ATPγS instead of ATP was used as a control. Severing was allowed to proceed for 30 
seconds followed by addition of 0.6 μM soluble FLAG-tagged single-isoform recombinant 
neuronal human a1AbIII tubulin to repair the microtubule lattice in the presence of 1 mM GTP 
and 5mM ADP to inactivate the enzyme. The repair reaction was carried out for 5 min. 
Microtubules were then stabilized by the addition of 5 volumes of 0.2% glutaraldehyde in 
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1xBRB80 (80mM PIPES, 1mM MgCl2, 1mM EGTA). After 3 minutes, crosslinking was 
quenched by the addition of Tris-HCl pH 7.5 to 20 mM final concentration and crosslinked 
microtubules were transferred into a 10 ml centrifuge tube (Beckman Coulter). The microtubule 
severing and healing procedure was repeated three more times, reactions were pooled into the 
same centrifuge tube and microtubules were then spun down in a MLA-80 rotor at 100,000 x g 
for 15 min at 30 °C. The microtubule pellet was gently washed with 200 μl of 1x BRB80 at 37 
°C twice and re-suspended in 50 μl of warm 1x BRB80. 5 μl of 6.7 μM of monoclonal mouse-
raised anti-FLAG M2 antibody (Sigma Aldrich) and 5 μl of 11.45 μM of goat anti-mouse 
antibody conjugated to 4 nm spherical gold nanoparticles, C11-4-TGAMG-50, (Nanopartz) were 
added to microtubules to label repaired sites. Antibody labeling was allowed to proceed for 5 
min and the reaction was mixed with 10 volumes of 30 % glycerol in 1x BRB80. Microtubules in 
30% glycerol were loaded on 1x BRB80 cushion containing 40% glycerol and spun down onto 
glow-discharged carbon-coated grids (Carbon Film only on 400 mesh, Ted Pella, Inc.) at 4,200 x 
g for 20 min at 30 °C. Excess liquid was blotted using filter paper. Grids were washed three 
times with 30 μl of BRB80, stained with 0.75 % (w/v) uranyl formate and air-dried. Images were 
collected on a T12 Technai electron microscope (FEI) equipped with a 2k x 2k Gatan US1000 
CCD camera. Images were collected at nominal magnifications of 6,800x and 18,500x 
corresponding to pixel sizes of 6.8 Å/pix, 2.5 Å/pix, respectively. Images in fig. S7F were 
collected on a TF20 electron microscope (FEI) equipped with a K2 camera (Gatan). Images were 
collected at 50,000x magnification and 9,600x magnifications corresponding to pixel sizes of 
0.73 Å/pix and 3.65 Å/pix, respectively.   
Live imaging of severing and tubulin incorporation into nanodamaged GMPCPP-
microtubules and GMPCPP-capped GDP-microtubules. 
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To observe microtubule severing and tubulin incorporation at damage sites simultaneously (Fig. 
3 and figs. S5A-C), GMPCPP-stabilized double-cycled microtubules labeled with 20% 
HiLyte647-tubulin were immobilized in imaging chambers. Image acquisition was started using 
100 ms continuous exposure in the 647 and 488 channels simultaneously and the chamber was 
perfused with severing buffer containing 0.5 mM GTP, 20 nM spastin and 0, 0.1 or 2 µM 
HiLyte488-labeled tubulin. Severing rates were calculated by manual counting of severing 
events (microtubule breaks) as a function of time. Tubulin incorporation sites were readily 
visible in the 488 channel. To observe the live incorporation of single tubulin dimers into 
microtubules damaged by spastin (Figs. 3F, G), double-cycled GMPCPP microtubules 
composed of 20% HiLyte647-labeled and 1% biotinylated tubulin were immobilized in imaging 
chambers as above. The chamber was then perfused with severing buffer and images of 
microtubules were acquired. Microtubules were then incubated for 30 sec with 20 nM spastin in 
severing buffer. Image acquisition was started during the spastin incubation step and a solution 
containing fluorescently labeled tubulin (50 nM Alexa488-labeled tubulin (PurSolutions LLC, 
USA) in BRB80 with 2 mg/ml casein, 14.3 mM 2-mercaptoethanol, 50 mM KCl, 2.5 mM 
MgCl2, 1 mM ADP, 0.5 mM GTP, 1% Pluronic F127 and oxygen scavengers) was flushed in. 
Images were acquired for 5 min at 10 Hz in the 488 nm channel. After tubulin perfusion, the 640 
laser was turned off to prevent photobleaching or microtubule photodamage. Images of 
fluorescent tubulin molecules landing on the microtubule were analyzed using a 7x7 pixel box 
and the intensity of tubulin molecules incorporated into the microtubule was calibrated against 
the intensity of single tubulin dimers obtained by immobilizing 0.5 nM Alexa488 tubulin on 
glass with an anti-β tubulin antibody (SAP.4G5, Sigma Aldrich) and imaging under the same 
conditions. 
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 For imaging of non-stabilized microtubules GDP microtubules with a GMPCPP cap, sea 
urchin axonemes purified as described (198) were non-specifically adhered to the coverslip and 
15 mM containing 20% HiLyte647 tubulin and GTP added to start microtubule growth from the 
axonemes. After the desired microtubule length was achieved (10-20 mm), the solution was 
exchanged quickly to introduce HiLyte488 tubulin (20%) and 0.5 mM GMPCPP. After the 
growth of the GMPCPP cap, tubulin and nucleotide were washed out and spastin (5 nM) was 
introduced in the chamber with 1 mM ATP in the absence or presence of soluble tubulin at 2 mM 
(500 nM HiLyte488 tubulin + 1.5 mM unlabeled tubulin) or 5 mM (500 nM HiLyte488 tubulin + 
4.5 mM unlabeled tubulin) and 0.5 mM GTP. Polymerization and imaging were performed at 
30ºC. 
Microtubule dynamics measurements and EB1 recognition of lattice-incorporated GTP-
tubulin  
TIRF microscopy chambers were prepared as described above. 10% HiLyte647-labeled 
microtubules were polymerized at 30°C at 10 µM tubulin. 25 nM spastin or katanin and 10 µM 
porcine brain tubulin containing 10% HyLite647-labeled tubulin was perfused into the chamber 
in severing assay buffer (50 mM KCl, 1% F127 Pluronic, 0.2 mg/ml casein, 6.2 mM 2-
mercaptoethanol, 1.5% glycerol, 0.1% methylcellulose 4000cP and oxygen scavengers in 
1xBRB80) with 0.5 mM GTP and 1 mM ATP) together with 50 or 75 nM EB1-GFP for katanin 
and spastin, respectively. Images were acquired in the 647 and 488 channels simultaneously at 2 
Hz. Microtubule rescues are defined as transition of microtubules from shrinkage to growth. 
Rescue frequency was calculated as the number of rescues divided by the time spent 
depolymerizing. Catastrophes are defined as the transition of microtubules from growth to 
shrinkage. Catastrophe frequency was calculated as the number of catastrophes divided by the 
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time spent in the polymerization state. The EB1 puncta and the microtubule rescue site were 
considered co-localized when the distance between the EB1 spot and the end of the 
depolymerizing microtubule was less than two pixels. The cutoff for an EB1 puncta was defined 
as having a mean intensity in a 5x5 pixel box that is at least 3 standard deviations above the 
mean background EB1 lattice intensity. Background EB1 lattice intensity was determined from 
control chambers without severing enzymes. Background EB1 lattice intensity was the same in 
the absence of severing enzymes or the presence of severing enzymes but in the absence of ATP. 
For statistical significance calculation, rescue site analysis was also performed using synthetic 
data generated by shifting the position of the EB1 spots by 7 pixels on the microtubule 
(alternatively, both towards the plus and the minus ends).  
 For the GTP-tubulin and EB1-GFP co-localization experiments shown in Fig. 6E, 
microtubule extensions were grown in the absence of fluorescent tubulin for 8 minutes at 30°C at 
12 µM porcine brain tubulin (Cytoskeleton) in severing assay buffer. 20 nM spastin, 50nM EB1-
GFP and 12µM porcine brain tubulin containing 10% HyLite647-labeled tubulin was perfused 
into the chamber in severing assay buffer. Image acquisition was started during perfusion in the 
640 and 488 channels simultaneously at 5 Hz. The offset between the 640 and 488 channels was 
corrected using a nanogrid (Nanogrid Miraloma Tech) and the GridAligner plug-in in ImageJ. 
Laser ablation of microtubules with spastin or katanin generated GMPCPP-islands 
GMPCPP-stabilized unmodified microtubule seeds were immobilized on glass. To pre-grow 
microtubules, 16µM tubulin containing 12.5% HiLyte647-labeled tubulin with 1mM GTP was 
perfused into the chamber and incubated for 10 minutes at 30°C. Microtubules were then capped 
using 6µM tubulin with 10% HiLyte 647 and 0.5mM GMPCPP. The chamber was washed after 
2 minutes with severing assay buffer without GTP and then incubated with 4nM spastin, 6µM 
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tubulin containing 25% HiLyte-labeled 488 tubulin in the presence of 200µM GMPCPP in 
severing assay buffer (50 mM KCl, 1% F127 Pluronic, 0.2 mg/ml casein, 6.2 mM 2-
mercaptoethanol, 2.5% glycerol, 0.1% methylcellulose 4000cP and oxygen scavengers in 
1xBRB80) with or without 1mM ATP for 3 minutes. The chamber was washed with buffer 
containing severing assay buffer. Microtubules were ablated with a 405nm laser at 40% power 
using the iLas laser illuminator (BioVision). Images in the 488 and 647 channels were acquired 
sequentially with 100 ms exposure. For the rescue frequency measurements, 15% HiLyte647-
labeled tubulin at 7µM in severing assay buffer containing 1mM GTP was perfused into the 
chamber. For the katanin experiments, the chamber was washed after microtubule capping with 
severing assay buffer without GTP and then incubated with 20nM katanin and 8µM tubulin 
containing 25% HiLyte-labeled 488 tubulin in the presence of 200µM GMPCPP in severing 
assay buffer with or without ATP for 45 sec. Microtubule depolymerization rates through the 
GMPCPP islands were determined by dividing the length of the island to the time it takes to 
depolymerize through it. 
Laser ablation of dynamic microtubules with enzyme-generated GTP islands 
TIRF microscopy chambers were prepared as described above. HiLyte647-labeled microtubule 
extensions were polymerized for 8 minutes at 30°C at 12 µM porcine brain tubulin 
(Cytoskeleton) containing 20% HiLyte647-labeled tubulin in severing assay buffer. 25 nM 
spastin or katanin, 50nM EB1-GFP and 12µM porcine brain tubulin containing 20% HyLite647-
labeled tubulin was perfused into the chamber in severing assay buffer with ATP or ATPγS. 
Microtubules were ablated using a DeltaVision OMXTM with the 405nm laser at 100% power for 
1 sec or with a 405nm laser at 40% power using an iLas laser illuminator (BioVision). Images 
were acquired in the 647 and 488 channels at 5 Hz.   
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Live imaging of tubulin incorporation and severing into dynamic microtubules  
Chambers for TIRF microscopy were prepared as described above. GMPCPP-stabilized, 
unmodified microtubules containing 2% biotinylated tubulin were immobilized with 0.1 mg/ml 
NeutrAvidin (Thermo Fisher Scientific). Microtubule extensions were polymerized for 12 
minutes at 30°C at 12 µM porcine brain tubulin (Cytoskeleton) containing 10% HiLyte647 
tubulin in severing assay buffer (50 mM KCl, 1% F127 Pluronic, 1 mM ATP, 1 mM GTP, 0.2 
mg/ml casein, 6.2 mM 2-mercaptoethanol, 1.5% glycerol, 0.1% methylcellulose 4000cP and 
oxygen scavengers in 1xBRB80). Then, 25 nM katanin or spastin with 12 µM porcine brain 
tubulin containing 10% HyLite488-labeled tubulin was perfused into the chamber in severing 
assay buffer. Images were acquired with 488 and 640 lasers simultaneously at 2 Hz at 100 ms 
exposure. The incorporation of the HiLyte488 tubulin was immediately visible upon perfusion 
only at microtubule tips in the control and along the microtubules and the dynamic tips in the 
enzyme and ATP conditions. Total polymer mass was obtained by measuring the background 
corrected total integrated fluorescence in both the 488 and 640 channels. The laser ablation 
controls were performed at the same enzyme and tubulin concentrations but with 1mM ATPγS. 
Microtubules were ablated with a 405nm laser at 40% power using an iLas laser illuminator 
(BioVision).   
Quantification and Data Analysis 
N numbers and statistical tests are reported for all experiments in figure legends. All experiments 
were performed multiple times and only representative images are shown. ImageJ was used for 





Severing enzymes nanodamage microtubules 
Because light microscopy-based severing assays fail to capture ultrastructural features of 
severing intermediates due to resolution limitations, we used negative-stain TEM to capture and 
image spastin-mediated microtubule severing intermediates in vitro using purified, recombinant 
spastin. To minimize severing intermediate breakage, we performed severing reactions directly 
on EM grids. These revealed a high density of “bites” into the protofilament structure (Figure 1) 
that resulted in the removal of tubulin dimers. Severing reactions performed with taxol-stabilized 
microtubules in the tube and then transferred to EM grids by pipetting produced many short 
microtubules with blunt ends (Figure S1A), similar to those previously reported in vitro with 
katanin (199) indicating that the fragile nanodamaged severing intermediates are lost during 
pipetting. Thus, in our on-grid severing setup, we were able to capture intermediates that were 
otherwise disrupted by shear forces introduced by pipetting. Upon prolonged incubation 
(>5min), severing was driven to completion on the EM grid, with severe destruction of the 
microtubule structure indicating that the intermediates observed were on-pathway (Figure S1B). 
The nanoscale damage sites were observed with GDP microtubules regardless of whether they 
were stabilized with taxol or not (Figures 1A, B) or polymerized with the non-hydrolyzable 
analog GMPCPP (Figure 1C). The nanodamage we observed in vitro is reminiscent of that 
observed by electron tomography in freeze-substituted C. elegans meiotic spindles (104). The 
same extraction of tubulin dimers and protofilament fraying was observed if reactions were 
performed in solution and then microtubules were deposited on an EM grid without pipetting to 
avoid shear (Figure 1D; Materials and Methods). In control reactions without the enzyme the 
integrity of the lattice was preserved, (Figures S1C and S1D), while in the spastin treated 
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samples nanodamage sites were detected every ~2.2 mm (Figure S1D). Time-course experiments 
revealed a gradual increase in nanoscale damage as well as number of shorter microtubules 
(Figure 1E). We extended our TEM analyses to the microtubule-severing enzyme katanin 
(Figures 1F, 1G and S1E-G). As with spastin, TEM revealed that katanin microtubule severing 






















Figure 1: Spastin and katanin extract tubulin out of the microtubule  
A–C) Microtubules in the absence or presence of spastin. The reaction proceeded on-grid for one 
minute and was imaged using negative stain TEM (Materials and Methods). Boxed regions 
shown at 2X magnification in insets. Scale bar, 50 nm. Microtubules imaged at 30,000x 
magnification. Arrows indicate nanoscale damage sites. D) Fields of GMPCPP microtubules 
incubated with buffer or 25nM spastin. Severing proceeded in solution and reactions were 
passively deposited on EM grids, negatively stained and visualized by TEM (Materials and 
Methods). Arrows indicate nanoscale damage. Microtubules imaged at 13,000x magnification; 
boxed regions, 30,000x magnification.  Scale bar, 50 nm. E) Microtubule length distribution after 
spastin incubation; cyan, control; dark and light grey, 2 and 5 min incubation, respectively. F) 
Fields of GMPCPP microtubules incubated with buffer or 100 nM katanin imaged as in (D). 
Scale bar, 50 nm. G) Microtubule length distribution after katanin incubation; cyan, control; dark 
and light grey, 2 and 5 min incubation, respectively.  
 














Tubulin incorporation repairs nanodamage  
 
Our TEM analysis showed that GMPCPP or taxol-stabilized microtubules or non-stabilized 
microtubules, do not sever even when peppered with spastin and katanin induced nanodamage 
and do not catastrophically depolymerize upon removal of the initial tubulin subunits. This raised 
the possibility that this damage could be repaired by incorporation of tubulin subunits from the 
soluble pool, as recently observed with mechanically damaged or photodamaged microtubules 
(200, 201). To test this hypothesis, we preassembled HiLyte647 fluorescently-labeled GMPCPP 
microtubules and incubated them with spastin (or katanin) and ATP to initiate severing 
(Materials and Methods). Under these conditions, we observed rare severing events (Figure 2). 
Upon perfusion of soluble HiLyte488-labeled tubulin and GTP we observed tubulin 
incorporation in discrete patches along microtubules. These were numerous, far exceeding the 
number of severing events. Mock-treated microtubules showed no incorporation of tubulin into 
microtubules (Figures 2A-C). The tubulin concentration used was below the critical 
concentration for tubulin polymerization. Similar results were obtained with taxol-stabilized 
microtubules (Figure S2). Because photodamage can induce lattice defects in fluorescently 
labeled microtubules (201),  we also performed experiments with unlabeled microtubules 
visualized by differential interference contrast (DIC) microscopy and also observed 
incorporation of tubulin in spastin-treated microtubules, but not in controls (Figure 2D). 
 In time-course experiments both the number of repaired nanoscale damage sites and 
mean fluorescence along repaired microtubules increased over time (Figures S3A, S3B, S4A, 
S4B). The size of the repair sites (full-width-at-half-maximum, FWHM, Figures S3C, S4C) was 
initially diffraction-limited and shifted toward larger values at longer incubation times, indicating 
an expansion of the damage as detected by soluble GTP-tubulin incorporation. Frequent 
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nanoscale damage events were visible when severing events were extremely sparse: as early as 
35 s, the density of spastin-induced nanoscale damage sites was 0.35±0.01 mm-1, compared to 
0.0008±0.0004 mm-1 for severing events (Figures S3A, S3D). Thus, nanoscale damage precedes 
a macroscopic severing event. Once a sufficient number of tubulin dimers was removed from the 
lattice, the microtubule unraveled and a macroscopic severing event was visible. Consistent with 
this, we observed an abrupt increase in mesoscale severing at 120 and 90s for spastin and 
katanin, respectively (Figures S3D, S4D). 
 Next, we probed the effect of soluble tubulin on spastin microtubule severing by 
performing severing assays in the presence of fluorescently-labeled soluble tubulin (Figure S5). 
This allowed us to detect microtubule nanoscale damage and severing simultaneously. Spastin-
induced severing was not significantly affected with 100 nM tubulin even though we observed 
incorporation of HiLyte-488 labeled tubulin into microtubules (Figure 3A and S5; Materials and 
Methods). However, severing was considerably reduced in the presence of 2 mM soluble tubulin 
(Figure 3A), and in this case, tubulin fluorescence intensity at repair sites was also significantly 
higher (Figure 3B). Thus, the tubulin extraction activity of the enzyme was not significantly 
inhibited by soluble tubulin as proposed previously for katanin (202),  but the rate of tubulin 
incorporation at nanodamage sites increased with tubulin concentration and slowed down the 
progression to a macroscopic severing event. This higher tubulin incorporation at damage sites 
delays (and can even prevent) the completion of a severing event. Consistent with this, the time 
between the incorporation of HiLyte488-tubulin at a nanoscale damage site and the completion 
of a severing event was longer in the presence of 2 mM tubulin compared to 100 nM (Figure  
3C). Thus, while almost all nanoscale damage sites detectable under our experimental conditions 
proceeded to complete severing within 65s after tubulin incorporation in the presence of 100 nM 
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soluble tubulin, only 47% did so at 2 mM tubulin (Figure 3D). We also monitored live the 
addition of single fluorescently-labeled tubulin dimers by TIRF microscopy (Figure 3E; 
Materials and Methods). Fluorescence intensity analyses revealed that repair proceeded through 
the incorporation of mainly tubulin heterodimers and not the addition of larger tubulin polymers 
or aggregates because the fluorescence intensity distribution of incorporated tubulin was similar 
to the one of single tubulin subunits immobilized to glass (Figure 3F).  
Severing enzymes introduce GTP-tubulin islands 
To rule out repair as an artifact of working with stabilized microtubules (either taxol or 
GMPCPP-stabilized), we extended our experiments to non-stabilized GDP-microtubules. We 
polymerized GDP-microtubules from axonemes and stabilized their ends with a GMPCPP cap to 
avoid spontaneous depolymerization (Materials and Methods). We then introduced spastin in the 
absence or presence of fluorescently-labeled soluble GTP-tubulin. Within 50 s of introducing 5 
nM spastin and 5 mM soluble tubulin (tubulin concentrations in vivo are 5-20 mM  (203, 204)  
we observed incorporation of tubulin as puncta along microtubules (Figure 3G). At these enzyme 
and tubulin concentrations, most tubulin incorporation sites did not progress to a severing event, 
and the severing rate was considerably lower than in the absence of soluble tubulin (Figure 3H). 
However, tubulin incorporation always preceded microtubule-severing. No repair sites were 
observed in the absence of spastin. In the absence of soluble tubulin, GDP-microtubules 
disassembled 2.2 times faster than GMPCPP-stabilized microtubules (Figure 3H), likely because 
of the tighter lattice interactions of the latter.  Thus, the local balance between active tubulin 
removal catalyzed by the enzyme and passive tubulin incorporation determines whether a 
nanodamage site progresses to a mesoscale severing event or fails to do so because of the repair 
with GTP-tubulin from the soluble pool. 
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 We also visualized the lattice-incorporated tubulin at higher resolution using TEM. We 
generated recombinant human α1A/βIII tubulin with an engineered FLAG-tag at the β-tubulin 
C-terminus (74). We then used this recombinant tubulin to repair brain microtubules 
nanodamaged by spastin. The presence of the FLAG-tag on the recombinant tubulin allowed its 
specific detection both in fluorescence and TEM images using fluorescent or gold-conjugated 
secondary antibodies against anti-FLAG antibodies (Materials and Methods). Fluorescence 
microscopy revealed that the recombinant tubulin robustly incorporates along microtubules in 
the presence of spastin and ATP. No incorporation was detected with spastin and ATPγS (Figure 
S6). TEM showed the discrete, productive incorporation of recombinant α1AβIII tubulin in 
islands along microtubules and the absence of tubulin aggregates at nanodamage sites (Figure 
S7). The anti-FLAG primary and secondary gold-conjugated antibody are specific for the 
recombinant tubulin as brain microtubules showed only background antibody decoration (Figure 
S7D). In the absence of recombinant soluble tubulin in the reaction, microtubules were robustly 
nanodamaged under these conditions (Figure S7E). Moreover, neither recombinant tubulin 
incorporation nor association with the microtubule lattice were observed by fluorescence and 
TEM assays with the slow-hydrolyzable analog ATPγS (Figures S7A and C). Thus, soluble 
tubulin incorporated productively into the microtubule lattice at nanodamage sites created by 









Figure 2: Spastin and katanin catalyzed nanoscale damage is repaired by spontaneous tubulin 
incorporation. 
A, B) HiLyte647-labeled GMPCPP microtubules (magenta) incubated with buffer (A) or 10 nM spastin  
for 35 s (B) followed by incubation with 1 µM HiLyte488-labeled GTP-tubulin (cyan) and washing of 
excess tubulin (Materials and Methods); Arrows designate severing events. C) HiLyte647-labeled 
GMPCPP microtubules (magenta) incubated with 2 nM katanin for 90 s followed by incubation with 1 
µM HiLyte488-labeled GTP-tubulin (cyan) and washing of excess tubulin (Materials and Methods). 
Arrows designate severing events. D) DIC imaged unlabeled GMPCPP microtubules incubated with 2 
nM spastin followed by incubation with 1 µM HiLyte488-labeled GTP-tubulin (cyan) and washing of 
excess tubulin (Materials and Methods). Insets show severing events. Scale bar, 5 µm. 
	











Figure 3: Incorporation of soluble tubulin into spastin-induced nanoscale damage sites inhibits 
microtubule severing 
 A) Severing rates in the presence of soluble tubulin (n= 31, 28 and 36 microtubules for no tubulin, 100 
nm and 2 mM tubulin, respectively from multiple chambers). Error bars, s.e.m. B) Intensity distribution 
of fluorescent tubulin puncta incorporated at spastin-induced nanodamage sites; n=50 and 49 from 
multiple chambers for 100 nM and 2 µM tubulin, respectively. Bars, mean and s.d. C) Repair at damage 
sites delays severing (n=81 and 83 severing events from multiple chambers for 100 nM and 2mM tubulin, 
respectively).  D) Fraction of GMPCPP microtubules severed by 20 nM spastin within 45 s of initial 
tubulin incorporation in the presence of 100nM and 2mM HiLyte488 soluble tubulin; Error bars, s.e.m. in 
(C) and (D). E) Live imaging of Alexa488 GTP-tubulin (cyan) incorporation into HiLyte647 GMPCPP 
microtubules (magenta) after spastin induced damage. Scale bar, 1.5 mm. F) Fluorescence intensity 
distribution of Alexa488-labeled tubulin (labeling ratio ~1.0) immobilized on glass (black) or 
incorporated into spastin induced nanodamage sites (cyan); n=188 and 398 for glass immobilized and 
microtubule incorporated particles, respectively. G) Spastin-induced nanodamage and spontaneous 
tubulin repair of GDP microtubules (magenta) grown from axonemes and stabilized with a GMPCPP cap 
(bright cyan); spastin (5 nM) and 5 mM soluble HiLyte488 GTP-tubulin (cyan). White arrows, tubulin 
incorporation sites, yellow arrows, severing events. Scale bar, 5 µm. H) Average completion time of a 
severing event after spastin perfusion. GMPCPP microtubules (brown), GMPCPP capped GDP 
microtubules (black, purple) in the absence or presence of soluble tubulin; n=36, 63, 34 and 27 
microtubules from multiple chambers for GMPCPP, GMPCPP capped GDP microtubules with 2 µM and 
5 µM soluble GTP-tubulin, respectively. Bars, mean and s.d.; **** p-value of < 0.0001 determined by 
two-tailed t-test for (B), (C) and (H). 
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Severing enzymes promote rescues 
Because spastin and katanin catalyze GTP-tubulin incorporation along microtubules, we next 
examined their effects on microtubule dynamics. It has been recognized for 30 years that tubulin 
incorporation into a growing microtubule stimulates hydrolysis of the bound GTP. The resulting 
GDP-tubulin lattice is unstable, but is protected from depolymerization by a layer of GTP-
tubulin. This “GTP-cap” at the microtubule end results from a lag between the GTP hydrolysis 
rate on the incorporated tubulin and microtubule growth speed (18, 45-48). More recently, 
islands of GTP-tubulin were detected along microtubules in cells and correlated with rescue 
(200, 205), the transition from depolymerization to growth, one of the parameters of microtubule 
dynamic instability. As with stabilized GMPCPP and GDP GMPCPP-capped microtubules, the 
newly perfused GTP-tubulin rapidly incorporated along the GDP-microtubule lattice of dynamic 
microtubules in the presence of spastin and katanin with ATP, unlike in the control without ATP 
where only addition at microtubule ends was visible (Figures 4A-D). We characterized 
microtubule dynamics in the presence of spastin or katanin at physiological concentrations (25 
nM; spastin and katanin concentrations in HeLa cells are 46 nM and 28 nM, respectively (204)). 
At these enzyme concentrations, we observed robust microtubule severing and internal GTP-
tubulin incorporation. Both spastin and katanin increased rescue frequencies ~ thirteen and nine-
fold, respectively (0.5 ± 0.2 min-1 for control versus 6.6± 1.6 min-1 and 4.5 ± 0.7 min-1 for spastin 
and katanin, respectively; Figure 4E). While 61% of depolymerization events rescued in the 
presence of spastin or katanin, only 13%  rescued in the control (Figure 4F). Consistent with 
their promotion of tubulin exchange along the microtubule shaft, neither spastin nor katanin had 
a significant effect on rates of microtubule growth and catastrophe (Figures 4G, H). This is in 
contrast to other rescue promoting factors like CLASPs, for example, which promote rescue by 
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increasing the on-rate of tubulin dimers at microtubule ends and thus decrease catastrophe and 
increase growth rates (206) or conventional MAPs like MAP2 which promote rescue by 































Figure 4: Spastin and katanin promote GTP-tubulin island formation and increase rescues 
 A, B) Time course of a dynamic 10% HiLyte647-labeled microtubule (magenta) at 10 mM tubulin in the 
presence of 25nM spastin without (A) or with ATP (B) showing HiLyte488-labeled tubulin incorporation 
(cyan) at the microtubule tip (A) or incorporation along the microtubule in addition to the tip (B). First 
micrograph for each condition was recorded just before the perfusion of 10 mM 10% HiLyte488-labeled 
tubulin into the chamber. Scale bar, 2µm. C, D) Time course of a dynamic 10% HiLyte647-labeled 
microtubule (magenta) at 10 mM tubulin in the presence of 25nM katanin without (C) or with ATP (D) 
showing HiLyte488-labeled tubulin incorporation (cyan) at the microtubule tip (C) or incorporation along 
the microtubule in addition to the tip (D). First micrograph for each condition was recorded just before the 
perfusion of 10 mM 10% HiLyte488-labeled tubulin into the chamber. Scale bar, 2µm. E) Rescue 
frequency at 10 mM tubulin in the absence or presence of 25 nM spastin and 25 nM katanin and ATP; n = 
47, 45, and 61 microtubules from multiple chambers for control without enzyme, spastin and katanin, 
respectively. ****, p-value of < 0.0001 determined by the Mann-Whitney test; error bars, s.e.m. 
throughout. F) Probability of rescue of a depolymerizing microtubule in the absence or presence of 
spastin and katanin with ATP; n = 68, 57, 78 depolymerization events for control, spastin and katanin, 
respectively. ****, p-value of < 0.0001 determined by two-tailed t-test. G, H) Growth rates (G) and 
catastrophe frequency (H) in the absence or presence of spastin and katanin and ATP; n = 56, 37 and 34 
growth events for control, spastin and katanin, respectively in (G) and n = 62, 70, and 71 microtubules for 









Severing enzyme-mediated GMPCPP-tubulin islands promote microtubule rescue  
 In our dynamics assays, tubulin is continually extracted by the enzyme, while at the same 
time, the lattice is healed with newly incorporated GTP-tubulin that gradually converts into 
GDP-tubulin. To decouple these processes and establish directly whether the GTP-tubulin 
islands introduced by these enzymes can act as microtubule rescue sites, we introduced non-
hydrolyzable GTP-tubulin islands in the microtubule. For this, we first nanodamaged with 
spastin or katanin a GMPCPP-capped GDP microtubule and healed it with GMPCPP-tubulin, 
removed the enzyme and GMPCPP tubulin from the chamber, and initiated microtubule 
depolymerization through laser ablation close to the GMPCPP-cap (Figure 5; Materials and 
Methods). No GMPCPP-tubulin incorporation was detected in the control performed in the 
presence of enzyme but no ATP. These microtubules depolymerized all the way to the seed upon 
ablation (Figure 5B). In contrast, microtubules with GMPCPP-tubulin islands incorporated along 
their lengths through the ATP hydrolysis-dependent activity of spastin or katanin were stabilized 
against depolymerization at the location of the island (Figure 5C), despite the absence of soluble 
tubulin in the chamber: 75% and 76% paused when they encountered a GMPCPP island 
introduced by spastin or katanin, respectively (Figures 5D, S8A, B and C). Those that 
depolymerized through the island showed a decrease in the depolymerization speed (Figures 5E 
and S8D). Moreover, fluorescence intensity analysis revealed that GMPCPP-islands that paused 
depolymerization were statistically significantly brighter than those that did not (Figures 5F and 
S8E). Next, we wanted to establish whether these GMPCPP-islands were competent to support 
microtubule regrowth. For this, we performed the above experiment, but during the last step we 
introduced 7 µM soluble GTP-tubulin into the chamber (Figures 5A, G and H). While at these 
tubulin concentrations rescue events were very rare in the control, we saw a  higher probability 
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of rescue of microtubules with spastin-incorporated GMPCPP islands (Figure 5I). When the 
GMPCPP-island did not support a rescue, it did however slow down depolymerization (Figure 
5J). Moreover, fluorescence intensity analysis revealed that GMPCPP-islands that supported 
rescues were significantly brighter than those that did not (Figure 5K).  Thus, microtubule 
dynamics measurements and experiments with GMPCPP-tubulin islands indicate that GTP-
islands introduced in a microtubule severing enzyme-dependent manner promote microtubule 
rescue and that there is a minimal local GTP-tubulin density required to robustly support rescue 
at that site. Because the microtubule rescues when the balance shifts from net tubulin loss to net 
tubulin addition, it is likely that the correlation between the size of the GTP-tubulin island and 
rescue probability will vary with tubulin concentration or the presence of MAPs. These would 
increase tubulin on-rates and as a result smaller GTP-tubulin-islands might still be effective as 


















Figure 5:  Enzyme generated GMPCPP-islands protect against depolymerization and act as rescue 
sites 
A) Experiment schematic. GDP microtubules (solid magenta) were polymerized from seeds (black) and 
capped with GMPCPP-tubulin (magenta outline). Spastin, ATP and GMPCPP-tubulin (green) were added 
and washed out of the chamber. Microtubules were laser-ablated in the absence (B-F) or presence of 
GTP-tubulin (G-K) (Materials and Methods). B) Kymograph of a depolymerizing laser-ablated 
microtubule (magenta) pre-incubated with spastin, no ATP. C) Kymographs of depolymerizing laser-
ablated microtubules pausing at GMPCPP-tubulin islands (green) introduced by spastin, 1mM ATP. 
White arrows, pauses. Horizontal scale bars, 5µm; vertical, 10 sec. D) Pie chart shows proportion of 
depolymerization events that paused at GMPCPP-islands (white) or did not (grey); n = 44.  E) 
Depolymerization rates of microtubules without GMPCPP-islands pre-incubated with spastin, no ATP or 
through GMPCPP-islands introduced by spastin, 1mM ATP; n = 17 and 7 microtubules for no ATP and 
ATP, respectively. F) Intensity of GMPCPP-islands through which microtubules depolymerized or 
paused; n = 9 and 14, respectively. G, H) Kymographs of laser-ablated microtubules in the presence of 
7µM soluble GTP-tubulin after pre-incubation with spastin no ATP showing complete depolymerization 
(G) or rescue (green arrows) at a GMPCPP-island introduced by spastin, ATP (H). Horizontal scale bar, 
5µm; vertical, 20 sec. I) Rescue frequency of laser-ablated microtubules incubated with spastin, with or 
without ATP; n = 23 and 24 microtubules, respectively. J) Depolymerization rates in the presence of 7µM 
GTP-tubulin of microtubules pre-incubated with spastin, no ATP or through GMPCPP-islands introduced 
by spastin, ATP; n = 9 and 6 microtubules, respectively. K) Intensity of GMPCPP-islands that did not 
stop depolymerization (n=6) or at which microtubules rescued in the spastin, ATP condition (n = 9). **,	
***, p-values of < 0.01 and 0.001 respectively determined by the Mann-Whitney test. Error bars, s.e.m. 
throughout. 
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Severing enzyme-generated GTP-islands recruit EB1 
The GTP state of tubulin is recognized by MAPs belonging to the end binding (EB) protein 
family. EB1 preferentially binds to growing microtubule ends by sensing the GTP (or GDP-Pi) 
state of tubulin (208, 209). Consistent with the creation of GTP-tubulin islands, in the presence 
of spastin or katanin and ATP, we observed EB1 not only at the growing ends as in the control, 
but also as distinct puncta along microtubules (Figures 6A-D). These are reminiscent of the EB3 
puncta observed at sites of tubulin repair after laser-induced damage (200). 89% of the newly-
incorporated GTP-tubulin islands co-localized with EB1 (Figures 6E and F). These EB1 puncta 
were transient, consistent with the dynamic removal and incorporation of new tubulin into the 
lattice and the hydrolysis of the GTP within the lattice after the tubulin is incorporated (Figures 
6A, C, and S9). Consistent with a protective effect of the GTP-islands, microtubule dynamics 
assays in the presence of spastin and EB1 revealed that 74% of rescues were associated with the 
presence of EB1 at the rescue site (Figure S10A). This number is significantly higher than the 
prediction given by the random superposition of EB1 puncta and rescue events (74% versus 
14%, p < 0.0001 by Fisher test; Materials and Methods). Similarly, 63% of rescues in the 
presence of katanin occurred at the site of an EB1 spot (Figure S10B) compared to zero when the 
distribution was randomized (p < 0.00001 by Fisher test, Materials and Methods). Laser ablation 
of microtubules peppered with EB1 puncta also revealed a dramatic increase in rescue frequency. 
While 100% of ablation induced depolymerization events rescued within 4s, only 15% did so in 
the presence of spastin and ATPγS (Figures 6G and H). Similar results were obtained with 
katanin (Figure 6I). Thus, the ATP-dependent action of the enzyme that promotes tubulin 




Figure 6: Spastin and katanin generated GTP-tubulin islands recruit EB1 
A) Time course of EB1-GFP (green) on a dynamic microtubule (magenta) in the presence of 20nM 
spastin without or with ATP. Scale bar, 2 µm. Line scans on the right show EB1-GFP intensity profiles 
along the microtubule at indicated times. Intensity profiles start on the microtubule lattice and end at the 
microtubule tip. B) Density of EB1-GFP puncta on microtubules incubated without spastin or with spastin 
without and with ATP; error bars, s.e.m. (C) Time course of EB1-GFP on a dynamic microtubule in the 
presence of 25nM katanin without and with ATP. Intensity profiles as in (A). D) Density of EB1-GFP 
puncta on microtubules incubated without katanin or with katanin without or with ATP; error bars, s.e.m. 
E) Co-localization of newly incorporated GTP-tubulin (magenta, top panel) and EB1-GFP (green, middle 
panel) in the presence of spastin and ATP. Bottom panel, overlay. Images acquired immediately after 
perfusing enzyme and EB1-GFP into chamber. Scale bar, 2µm. F) Fluorescence intensity of incorporated 
tubulin (magenta) and EB1-GFP (green) along the microtubule lattice in (E) showing their co-
localization. 89% of tubulin islands co-localize with EB1-GFP (n = 38 puncta from 22 microtubules from 
multiple chambers measured immediately after perfusion of 10% HyLite647-tubulin). G) Time course of 
laser-ablated dynamic microtubules (magenta) incubated with 25 nM spastin, ATPgS (left) or spastin, 
ATP (right) in the presence of 50 nM EB1-GFP (green) (Materials and Methods). The dotted line marks 
the ablated region and start of depolymerization. Scale bar, 2 µm. H, I) Fates of plus-ends generated 
through laser-ablation of microtubules incubated with spastin (H) or katanin (I) with ATPgS or ATP; % 
of plus-ends that depolymerized (red) or rescued (blue) within 4 s after ablation; n = 13 and 13 
microtubules for spastin ATPγS and ATP, respectively, from multiple chambers; n = 54 and 9 
microtubules for katanin ATPγS and ATP, respectively, from multiple chambers. 
 
Figure 6A contributed by Dr. Ewa Szczesna. Figures 6B & D were contributed by Dr. Jeffrey Spector 
with data collected by Dr. Ewa Szczesna and me.  
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Severing amplifies microtubule mass and number 
 
The GDP-tubulin lattice is unstable and when exposed by laser ablation rapidly depolymerized at 
the plus ends even in the presence of soluble tubulin (Figure 7A) consistent with classic 
experiments performed with laser ablated or mechanically cut microtubules (109-114). 
Surprisingly, at 12µM tubulin the majority of new plus-ends generated by spastin or katanin 
were stable and rapidly reinitiated growth (Figure 7B, C). In contrast, in the absence of either 
enzyme or in the presence of spastin or katanin and ATPγS new plus-ends generated through 
laser ablation rapidly depolymerized (Figures 7A, 6H, 6I). This indicates that it is not the passive 
binding of the protein that stabilizes the new plus-ends against spontaneous depolymerization but 
the ATP-dependent incorporation of GTP-tubulin at severing sites. The minus-ends were stable 
regardless of whether they were generated through enzyme action or laser ablation, consistent 
with classic earlier experiments using laser ablation (109, 110). Thus, when the local tubulin 
extraction by spastin or katanin outpaces the rate of tubulin incorporation, a severing event 
occurs and the newly-severed microtubule ends emerge with a high density of GTP-tubulin that 
is protective (Figures 7B, C). Moreover, the plus-ends that depolymerize immediately after 
severing resume growth after a lower net loss of polymer mass (Figures S8F, G). Thus, the 
increase in microtubule number with each severing event (Figures 7D, E) together with the 
higher rescue frequency synergize to produce a rapid amplification of total microtubule number 






Figure 7: Severing enzyme-based microtubule number and mass amplification 
A) Plus-ends generated through laser ablation depolymerize. Blue, % of plus-ends that are stable; red, % 
that depolymerize; n = 32 microtubules from multiple chambers. Scale bar, 5µm. B, C) Spastin (B) or 
katanin (C) severed ends emerge with newly incorporated GTP-tubulin and are stable. Blue, % of plus-
ends that are stable; red, % that depolymerize; n= 96 and 94 for spastin and katanin, respectively from 
multiple chambers. Scale bar, 2µm. D, E) Time lapse showing consecutive spastin (D) or katanin (E) 
induced severing events on a microtubule. Microtubule (magenta), incorporated tubulin (green). Scale 
bar, 2µm. F) Time lapse showing microtubule dynamics at 12mM tubulin in the absence of severing 
enzyme. Green, newly incorporated tubulin at the growing ends. The last two frames are bleach corrected. 
Scale bar, 5µm. G, H) Time lapse showing microtubule number and mass amplification through spastin 
(G) and katanin (H) severing. Green, newly incorporated HiLyte-488 tubulin perfused into the chambers 
together with the severing enzymes. I, J) Microtubule mass as a function of time; n = 4, 5 and 4 chambers 
for control, spastin and katanin, respectively; error bars, s.e.m. 
 




The classical view of microtubule dynamics has been that tubulin dimer exchange occurs 
exclusively at microtubule ends through polymerization and depolymerization (18). By 
visualizing at the ultrastructural level a severing reaction, we show that spastin and katanin 
extract tubulin subunits from the microtubule (Figure 1) and that this ATP hydrolysis-dependent 
tubulin removal is counteracted by spontaneous lattice incorporation of soluble GTP-tubulin 
(Figures 2, 3, 4, S5, S6 and S7). The nanodamaged microtubules do not immediately unravel, but 
are long-lived enough to have a chance to heal through the productive incorporation of tubulin 
into the lattice. Because longitudinal lattice contacts are stronger than lateral ones (47), we 
speculate that tubulin dimer loss from the microtubule wall has a longitudinal, along the 
protofilament bias. This would give the microtubule a chance to heal before it is severed across 
and generate GTP-tubulin islands that consists of several tubulin dimers in the longitudinal 
direction. The geometry of the nanodamage sites and the mechanism of tubulin incorporation and 
conformational changes at these sites will be an exciting and fundamental question for future 
exploration. 
 This mechanism of lattice repair can explain the earlier observation of inhibition of 
katanin severing by soluble tubulin (77). The ragged, Swiss cheese-nature of the nanodamaged 
microtubules is conducive to healing, as the incoming tubulin dimers can make stabilizing lateral 
interactions. Thus, depending on the local rates of the severing enzyme-catalyzed tubulin 
removal and the spontaneous incorporation of new GTP-tubulin into the lattice, the action of a 
microtubule-severing enzyme results in a severing event where the newly-emerging ends have a 
high density of GTP-tubulin or a microtubule that preserves integrity but acquires a GTP-island 
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at the site of enzyme action. The higher GTP density at the newly severed ends can also act to 
quickly recruit cellular regulators that can modulate the fate of the newly generated end.  
 While microtubule repair after defects introduced through laser-induced photodamage 
(200) or mechanical stress has been reported in vitro (201) , our study identifies a family of 
enzymes as biological agents that promote the ATP-dependent incorporation of GTP-tubulin 
islands into microtubules. Microtubule repair has a high incidence in vivo at microtubule 
crossovers or bundles (200)  where microtubule-severing enzymes act (94, 103, 184, 189). Our 
findings thus suggest that the high incidence of repair at these sites might not be due exclusively 
to mechanical damage (200), but also the action of microtubule-severing enzymes. Since spastin 
and katanin preferentially target glutamylated microtubules (38, 187, 210), they could also 
selectively rejuvenate through GTP-tubulin incorporation ageing microtubules with accumulated 
glutamylation marks. GTP-tubulin islands were reported along axonal microtubules (211), a 
neuronal compartment where severing enzyme act, raising the intriguing possibility that severing 
enzymes could also be used as quality control and maintenance factors in hyperstable 
microtubule arrays like those in axons, centrioles and cilia where spastin and katanin are 
important for their biogenesis and maintenance (83, 107, 181, 187) and where they could serve to 
remove and replace old, possibly damaged tubulin subunits without affecting overall microtubule 
organization. It will be thus interesting to establish how impaired lattice repair contributes to the 
disease phenotypes seen in patients with spastin and katanin mutations 
 Our study shows that severing enzyme-catalyzed incorporation of GTP-tubulin along 
microtubules has two physiological consequences: it increases the frequency at which 
microtubules rescue (Figures 4, 5 and 6) and stabilizes against depolymerization newly severed 
plus-ends that emerge with a high density of GTP-tubulin (Figure 7). Thus, microtubule 
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dynamics can be modulated not only by factors that affect tubulin incorporation at microtubule 
ends, but by severing enzymes that promote the exchange of tubulin subunits within the 
microtubule shaft. The synergy between the increased rescue rates and the stabilization of the 
newly-severed ends leads to microtubule amplification in the absence of a nucleating factor, 
explaining why, paradoxically, the loss of spastin and katanin results in loss of microtubule mass 
in many systems (104, 105, 107, 108). Such a mechanism of polymer amplification has parallels 
to the actin cytoskeleton where severed filaments are used for templated actin polymerization 
((106, 212); reviewed in (213)).  When severing enzymes are expressed at high levels or are 
positively regulated, tubulin extraction outpaces repair and the microtubule array disassembles. 
Cells likely modulate severing activity and the rate of tubulin lattice incorporation through the 
action MAPs to elicit these two different outcomes. This regulation will be a fascinating area of 
future exploration. 
Experimental Contributions:  
 
 I performed the TIRF experiments with the dynamic microtubules and laser ablation. Dr. 
Ewa Szczesna performed assays with stabilized and dynamic microtubules. Drs. Ewa Szczesna, 
Jeff Spector, and I analyzed the data. Dr. Elena Zehr performed all of the EM experiments and 
Dr. Alexandra Deaconescu performed the initial EM with spastin.  Katanin and EB1-GFP were 
purified by Dr. Agnieszka Szyk. Spastin was purified by Drs. Agnieszka Szyk and Ewa 
Szczesna. Dr. Agnieszka Szyk also purified the recombinant tubulin with my assistance. 





Figure S1: Transmission electron microscopy of spastin and katanin catalyzed microtubule-
severing reactions  
A) Fields of taxol-stabilized microtubules in control buffer or after incubation with spastin in solution and 
pipetted onto EM grid. Microtubules imaged at 14,000x magnification. B) Fields of taxol-stabilized 
microtubules in control buffer and in the presence of spastin negatively stained after 1 or 10 min of on-
grid incubation. Black arrows indicate severing sites. After prolonged incubation with spastin (right), the 
protofilament structure of the microtubule is completely gone, and a proteinaceous residue is left on the 
grid. (C-D) Fields of taxol stabilized GDP microtubules (C) and GDP microtubules (D) incubated with 
buffer as control or katanin and ATP. Reactions were passively deposited on EM grids, negatively stained 
and visualized by TEM (Materials and Methods). Arrows indicate nanodamage sites; Scale bar, 50 nm. 
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Microtubules imaged at 13,000x magnification; boxed regions imaged at 30,000x magnification. (E) SDS 
gel showing bacterially expressed and purified katanin p60:p80 (lane 1) and spastin (lane 2) used in this 
study (Materials and Methods); 5 and 2.5 mg loaded for katanin and spastin, respectively.  
 





































Figure S2: Soluble tubulin incorporates into taxol-stabilized microtubules after spastin-induced 
nanoscale damage  
 (A, B) Soluble tubulin incorporates into taxol-stabilized microtubules after spastin-induced nanoscale 
damage. HiLyte647-labeled taxol stabilized microtubules (magenta) incubated with buffer (A) or spastin 
(B) followed by incubation with 100 nM HiLyte488-labeled tubulin (cyan). The repair step was 
performed with 100 nM soluble tubulin to prevent microtubule nucleation in the presence of taxol. After 
30 s incubation with spastin abundant tubulin incorporation is observed along the entire microtubule with 
few complete severing events detected (yellow arrows). Scale bar, 5 µm.  
 











Figure S3: Progressive spastin mediated nanoscale damage precedes the onset of microtubule 
severing 
A) Density of incorporated HiLyte488-labeled tubulin puncta along microtubules as a function of spastin 
incubation time; n = 188, 316, 100, 319 and 149 microtubules from multiple chambers for 0, 35, 60, 90 
and 120s, respectively. B) Fluorescence intensity of  incorporated HiLyte488-labeled tubulin puncta along 
microtubules as a function of spastin incubation time; n = 216, 385, 100, 201 and 161 from multiple 
chambers for 0, 35, 60, 90 and 120s, respectively. Error bars indicate s.d. C) Distribution of full-width-at-
half-maximum (FWHM) of nanoscale damage sites as a function of spastin incubation time (n=1245, 398, 
2457 and 971 events for 35, 60, 90 and 120 s respectively). The dashed line shows FWHM for 100 nm 
TetraSpeck microspheres (Thermo Fisher Scientific). D) Severing events (microtubule breaks) as a 
function of time (n=216, 385, 100, 161 and 201 microtubules for control, 35, 60, 90, and 120 s 
respectively for data in panels A, B and D). Error bars, s.e.m. **, p values < 0.01; ****, p values < 0.0001 







Figure S4: Progressive katanin mediated microtubule nanoscale damage precedes the onset of 
severing 
A) Density of incorporated HiLyte488-labeled tubulin puncta along microtubules as a function of katanin 
incubation time; n = 57, 56, 45 and 91 microtubules from multiple chambers for 0, 35, 60, and 90s, 
respectively. B) HiLyte488 fluorescence intensity of incorporated HiLyte488-labeled tubulin puncta as a 
function of katanin incubation time; n = 144, 112, 177 and 192 for 0, 35, 60, and 90s, respectively. Error 
bars indicate s.d. C) Distribution of full-width-at-half-maximum (FWHM) of nanoscale damage sites as a 
function of katanin incubation time (n=519, 1246 and 1813 events for 35, 60 and 90 s respectively). The 
dashed line shows FWHM for 100 nm TetraSpeck microspheres (Thermo Fisher Scientific). D) Severing 
events (microtubule breaks) as a function of time (n=144, 112, 177 and 192 microtubules for control, 35, 
60 and 90 s respectively for data in panels (A), (B) and (D), respectively. Error bars, s.e.m.; ***, p values 
< 0.001, ****, p values < 0.0001 determined by *!.  
 
 




Figure S5: Incorporation of soluble tubulin into spastin-induced nanoscale damage sites inhibits 
microtubule severing 
A-C) Spastin induced microtubule severing in the absence of tubulin (A) or presence of 100 nM (B) and 2 
µM soluble HiLyte488-labeled tubulin (C). Microtubules (magenta), incorporated HiLyte488-labeled 
tubulin (cyan). White arrows indicate tubulin incorporation sites, yellow arrows, mesoscale severing 
events. Scale bar, 5 µm.  
 
 












Figure S6: Recombinant FLAG-tagged tubulin incorporates into spastin nanodamaged 
microtubules 
A–C) HiLyte647-labeled GMCPP brain microtubules (magenta) incubated with 10 nM spastin followed 
by incubation with 1 µM recombinant human α1A/βIII tubulin with a C-terminal FLAG tag on βIII-
tubulin (Materials and Methods). The recombinant tubulin was detected by anti-FLAG antibodies and 
secondary Alexa488-labeled antibodies (cyan). Free tubulin does not incorporate into microtubules 
incubated with spastin and the non-hydrolyzable ATP analog ATPγS (A), while after 35 s incubation with 
spastin and ATP robust tubulin incorporation is observed along the entire length of the microtubule (B). 
Detection by the anti-FLAG antibodies is specific as there is no signal on spastin nanodamaged 
microtubules not incubated with recombinant tubulin (C). Yellow arrows indicate mesoscale severing 
events. Scale bar, 5 mm. 
 
 





Figure  S7: TEM shows tubulin incorporates productively into microtubules at nanoscale damage 
sites. 
A, B) Fields of GMPCPP brain microtubules nanodamaged with spastin and repaired with FLAG-tagged 
recombinant human α1A/βIII tubulin negatively stained and visualized by TEM. Microtubules were 
incubated with spastin in solution for 30 sec in the presence of ATPγS (A) or ATP (B) and then repaired 
for 5 min by addition of soluble recombinant FLAG-tagged tubulin. Repair sites labeled with gold-
conjugated anti-FLAG secondary antibodies are indicated by cyan arrows. Microtubules were imaged at 
6,800x, scale bar 250 nm, and 18,500x, scale bar 100 nm, (insets) on a T12 Technai electron microscope 
(FEI) equipped with a 2k x 2k Gatan US1000 CCD camera. C) Number of gold conjugated anti-FLAG 
antibodies detected on brain microtubules and brain microtubules incubated with spastin and recombinant 
tubulin in the presence of ATPγS or ATP. 278 images and 93.7 μm of microtubule lattice were analyzed 
for brain microtubules, 300 images and 188.4 μm of microtubule lattice for the ATPγS condition and 339 
images and 252.9 μm of microtubule lattice analyzed for the ATP condition. Error bars, s.e.m. ****, p 
values < 0.0001 determined by two-tailed t test. D) Immunogold-conjugated secondary antibodies and 
anti-FLAG antibodies, highlighted by white arrows, do not decorate brain microtubules. Scale bar 100nm. 
Microtubules imaged at 18,500x magnification, scale bar 100 nm. E) Unrepaired microtubules that were 
nanodamaged by spastin and not incubated with soluble recombinant tubulin. Microtubules imaged at 
6,800x and 18,500x (insets) magnification. F) Nanodamage sites repaired with recombinant tubulin 
visualized at a magnification of 9,600, scale bar 200 nm; 50,000 for the insets, scale bar 50 nm on a TF20 
(FEI) with a K2 camera (Gatan). 
 










Figure S8: Katanin generated GMPCPP-islands protect against depolymerization 
A) Representative kymographs of laser ablated microtubules (magenta) depolymerizing when incubated 
with katanin, no ATP with no visible GMCPP-tubulin incorporation (green) (left panel) or pausing at sites 
of GMPCPP-tubulin islands introduced by katanin in the presence of ATP (middle and right panels). 
White arrows designate pause sites. Horizontal scale bar, 5µm and vertical scale bar, 10 sec. Pie chart 
shows distribution of GMPCPP tubulin islands where microtubules paused (blue) or continued 
depolymerization (red) after laser-induced depolymerization; n = 37 GMPCPP tubulin islands from 21 
microtubules from multiple chambers.  B) Depolymerization rates of microtubules incubated with 
katanin, no ATP or through GMPCPP islands for microtubules incubated with katanin, ATP; n = 22 
microtubules and 6 microtubules with GMPCPP islands for katanin, no ATP and katanin, ATP, 
respectively. C) Mean intensity of GMPCPP islands through which microtubules depolymerized or 
paused in the katanin, ATP condition; n = 11 and 23 for depolymerization and pauses, respectively. ** 
represents p < 0.01 determined by the Mann-Whitney test. D, E) Average polymer mass lost per severing-
induced depolymerization event at 12 µM tubulin in the absence of any enzyme or in the presence of 
spastin or katanin with 1 mM ATPγS or ATP; n = 24 for no enzyme; n = 12 and 38 for spastin and 
katanin with ATPγS, respectively; n= 25 and 27 for spastin or katanin with ATP, respectively, all from 
multiple chambers. Severing was triggered through laser ablation in the no enzyme or spastin and katanin 

















Fig. S9. Residence times of EB1-GFP lattice puncta  
(A) Dwell times of EB1-GFP puncta on dynamic microtubules at 10 mM tubulin in the presence of 25 
nM spastin and 1mM ATP; n=244. (B) Dwell times of EB1-GFP puncta on dynamic microtubules at 10 
mM tubulin in the presence of 25 nM katanin and 1mM ATP, n=318. 
 






Figure S10: Microtubule rescue at lattice EB1-GFP puncta  
A) Representative time courses (top panels) of two depolymerizing microtubules (magenta) that rescue at 
a lattice EB1-GFP site (green) in the presence of spastin and ATP. Fluorescence line scans (bottom 
panels) along these microtubules showing EB1-GFP and tubulin intensities. Rescue sites are highlighted 
by yellow arrows and a dotted line. Scale bar, 2 µm. B) Representative time courses (top panels) of two 
depolymerizing microtubules (magenta) that rescue at a lattice EB1-GFP site (green) in the presence of 
katanin and ATP. Fluorescence line scans (bottom panels) along these microtubules showing EB1-GFP 
and tubulin intensities. Rescue sites are highlighted by yellow arrows and a dotted line. Scale bar, 2 µm.  
 
Figure S10A contributed by Dr. Ewa Szczesna 
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CHAPTER 5: Concluding Remarks 
 Microtubules are dynamic cytoskeletal polymers that cycle through periods of growth 
and shrinkage, a phenomenon known as dynamic instability. This dynamic instability is essential 
for basic cellular functions such as cell division, differentiation, and motility. Not surprisingly, 
the microtubule cytoskeleton is highly regulated intrinsically by diverse tubulin isotypes and 
post-translational modifications and extrinsically by microtubule effectors. Misregulation of the 
microtubule cytoskeleton leads to severe neurodegenerative diseases, cancer, and cardiovascular 
disease.  
 In textbooks, microtubules are depicted as homogenous structures composed of repeating 
αβ tubulin heterodimers, but these heterodimers differ in sequence and are decorated with 
chemically diverse post-translational modifications (39, 40). Studies have established that tubulin 
isotypes and post-translational modifications are stereotyped. For example, βVI tubulin is found 
only in hematopoietic cells (214), βIII tubulin is found only in neuronal cells (58), βV tubulin is 
found in muscle cells (215). Glutamylated, detyrosinated, and acetylated tubulin is found on 
stable microtubules while dynamic microtubules are tyrosinated (40). In vivo, studies have 
shown cell types with different tubulin species have different dynamics (216, 217). However, we 
still do not know if these differences are due to changes in intrinsic microtubule dynamic 
properties or due to microtubule effector recruitment. In vitro, studies have shown that tubulin 
purified from various tissue sources have different microtubule dynamics (65, 68-70). However, 
in these studies the tubulin species are not well defined, i.e. there are unknown α-tubulin 
isotypes and the post-translational modification state of the tubulin is unknown.  
 Understanding the relationship between tubulin sequence and dynamics has been a 
longstanding question in the microtubule field because of this lack of well-defined tubulin 
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species. This is because the majority of in vitro microtubule studies have been performed with 
tubulin purified from brain tissue (66). Brain tubulin is heterogeneous with multiple tubulin 
isotypes as well and post-translational modifications. Therefore, brain tubulin is not a good tool 
to study how a single tubulin isoform or post-translational modification affects microtubule 
dynamics (67).  
 I have been able to successfully purify unmodified tubulin in two different ways: 1) 
Using the baculovirus expression systems (71), our lab has been able to successfully purify a 
single tubulin isotype, human neuronal unmodified α1A/βIII tubulin, free of any insect tubulin 
contaminants and 2) using the tubulin-affinity method (162), I have been able to purify tubulin in 
mg amounts suited for in vitro microtubule dynamics assays from tsA201 cells that contain 
unmodified α1B/βI+βIVb tubulin. Using these two well-defined tubulin species, I performed in 
vitro microtubule dynamics assays. I found that α1B/βI+βIVb grow twice as fast and catastrophe 
half as much when compared to heterogenous brain tubulin, showing that different tubulin 
compositions can have drastically different dynamic properties. I also found that the addition of 
α1A/βIII tubulin tuned α1B/βI+βIVb tubulin dynamics proportionally. Therefore, by modulating 
the relative expression levels of tubulin isotypes, cells can tune microtubule dynamics, which 
could explain the differences in dynamics in cells when tubulin compositions change during 
tumorigenesis.  
 The ability to purify tubulin recombinantly will finally give us the opportunity to 
understand the relationship between tubulin sequence, structure and dynamics. How do the 
different tubulin isotypes differ in dynamics, structure, and microtubule effector and motor 
recruitment? What tubulin residues are essential for tuning tubulin GTPase activity? How do the 
tubulin mutations found in patients change microtubule dynamics or MAP recruitment? These 
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questions are just the tip of the iceberg to uncovering exciting insights in how amino acid 
changes in tubulin can tune microtubule function.  
 Being able to purify unmodified tubulin and then modify the naïve tubulin with various 
“flavors” of post-translational modifications will allow us to systematically dissect how tubulin 
glutamylation, glycylation, acetylation, and detyrosination affect microtubule dynamics (73). 
Stable microtubules are marked with polyglutamylation and acetylation (218, 219). However, it 
is unclear whether these modifications confer stability directly or indirectly through the 
recruitment of MAPs. The ability to now make a single post-translationally modified species in 
vitro will allow us to understand the direct effects on microtubule dynamics. Controlled post-
translational modifications of tubulin will also allow us to understand how cellular effectors 
respond to specific modifications. How do modifications change microtubule motor run lengths? 
Do microtubule motors or MAPs prefer binding to microtubules with a specific modification? 
All of these questions are exciting areas of exploration to further understand how tubulin 
diversity can change intrinsic microtubule dynamic properties and MAP recruitment.    
 Another way microtubule dynamics are tuned is by extrinsic factors. These extrinsic 
factors range from microtubule polymerases, which increase the tubulin on-rate to microtubule 
depolymerases, which promote microtubule catastrophes (20, 21). While we have an 
understanding of how these proteins affect microtubule dynamics, we do not understand how 
severing enzymes, spastin, katanin, and fidgetin affect microtubule dynamics. This is because the 
majority of the studies have used stabilized microtubules to study severing enzymes. Severing 
enzymes cause internal breaks in the microtubule in an ATP dependent manner. These enzymes 
are essential for the generation and maintenance of essential for microtubule arrays in neurons, 
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meiosis and mitosis, and the plant cortex (79, 80). Severing enzymes role in regulating 
microtubule dynamics has remained mysterious.  
 Together with a post-doc, Dr. Ewa Szczesna, in the lab, we found that severing enzymes 
do not simply break and destroy microtubules, but they catalyze the rejuvenation of microtubule 
with new tubulin throughout the microtubule shaft (220). This was very surprising to us because 
of the classical view of microtubule dynamics. It has been long thought that tubulin exchange 
solely happens at microtubule ends. GTP-tubulin is incorporated at the microtubule ends and 
eventually, the GTP is hydrolyzed to GDP. The unstable GDP microtubule lattice is unstable and 
is protected from depolymerizing by a GTP-tubulin cap. When the GTP-tubulin cap erodes, the 
GDP-tubulin is exposed and the microtubule depolymerizes i.e. undergoes catastrophe. 
Interestingly, we found that in the presence of severing enzymes, spastin and katanin, and 
soluble GTP-tubulin, the GTP tubulin not only gets incorporated at the microtubule tips, but 
along the microtubule lattice. Our study showed that severing enzymes pull out tubulin dimers 
from the microtubule shaft and these nano-damaged sites are repaired by soluble GTP-tubulin. 
We found these severing-mediated GTP-tubulin islands along the microtubule shaft had two very 
unexpected consequences: 1) the newly severed ends emerged with a high density of GTP-
tubulin which stabilized the end against depolymerization and 2) these GTP-tubulin rich areas 
are hotspots for microtubule rescues therefore increasing microtubule rescue frequency in the 
presence of severing enzymes. The combination of these two processes leads to microtubule 
mass and number amplification. Therefore, we have shown that severing enzymes alone can 
amplify microtubules in a simplified in vitro system, without any additional factors.                
 When is this phenomenon beneficial? This is a useful mechanism for amplifying 
microtubule mass in the absence of a microtubule nucleator such as in acentrosomal microtule 
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arrays found in spindles, plant cortical arrays, and axonal microtubule arrays far from the 
microtubule nucleating center (192). Furthermore, our study can explain the paradoxical findings 
in vivo where loss of these severing enzymes in systems such as neurons, plants, and spindles 
leads to a loss in microtubule mass (105, 106).                                                                                                      
The finding that severing enzymes introduce GTP-islands along the microtubule shaft brings 
interesting questions of how cells can regulate this process. One way severing enzymes is 
regulated is through tubulin post-translational modifications. Our lab and other labs have shown 
that spastin and katanin preferentially sever glutamylated microtubules (38, 187, 210). 
Glutamylation is found on stable microtubule arrays that have a slow turnover rate such as those 
found in cilia, axons, centrioles (19, 40). In these arrays, glutamylated tubulin dimers could be 
selectively removed by severing enzymes and “fresh” unmodified GTP-tubulin could be used to 
replace the removed dimers. Therefore, severing enzymes can act as microtubule array 
rejuvenators where dimers are removed and replaced, without completely destroying the 
microtubule arrays. Another way by which severing mediated to GTP-tubulin healing and 
microtubule amplification can be tuned is by other microtubule effectors. Cells have an arsenal 
of polymerases, depolymerases, or rescue promoting factors to tune tubulin on and off rates. 
What is the interplay between these factors and severing enzymes? How do they change 
microtubule amplification?  
 Our work also raises interesting questions regarding the microtubule damage and heals 
sites. What is the geometry of the damage sites? How many tubulin dimers are removed from 
these sites? Are the enzymes processively removing tubulin dimers from the lattice? What is the 
minimum number of GTP-tubulin incorporated into the microtubule lattice to promote 
microtubule rescue? Does the geometry of the GTP-tubulin incorporate matter to promote 
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rescue? All of these exciting questions will help us unlock how these fascinating molecular 
machines have the ability to rejuvenate and amplify microtubule arrays.  
 Recently, the Howard lab reported that spastin promotes microtubule number and mass 
amplification in two ways: 1) spastin severs microtubules in an ATP-dependent manner and 2) 
the newly severed ends depolymerize immediately after severing, but transition to growth (i.e. 
rescue) due to the passive binding of spastin along the microtubule lattice (221). The paper 
claims that the passive binding of the enzyme alone and not GTP-tubulin incorporation causes 
microtubule amplification. However, in this study, GTP-tubulin incorporation after spastin-
mediated nano-damage is not shown (221). Moreover, the study reports that severing occurs 
within 2 minutes, which is slower compared to our study where we observe severing within 30 
seconds of enzyme addition. So, if the rate of tubulin extraction is slow, the holes that the 
enzyme is making at any given time would also be smaller, therefore, the GTP-tubulin islands 
could potentially be small and not support the emergence of stable microtubule ends or 
microtubule rescue.   
 Furthermore, in our assays, we show that the GTP-tubulin is being correctly incorporated 
into the severing enzyme generated nano-damage sites by using EB1 as a marker. EB1 binds and 
recognizes GTP/GDP-Pi tubulin (176). In our assays, EB1 transiently binds to the microtubule 
lattice, indicative of the GTP bound to tubulin hydrolyzing to GDP. In the severing assays from 
the Howard paper, there is no indication of proper GTP-tubulin incorporation. Therefore, without 
validation of proper GTP-tubulin incorporation, the contribution of tubulin incorporation and its 
effects cannot be accessed.  
 Finally, in our assays, at 12µM tubulin, the microtubule growth rate (i.e. tubulin on-rate) 
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is approximately twice as fast as the growth rate reported in the Howard study. Therefore, if the 
rate of GTP-tubulin incorporation is slower in the Howard study, it is possible that the GTP-
tubulin islands cannot support stable ends or rescue.  
 In summary, my graduate studies have shed light on how tubulin diversity can tune 
microtubule dynamics and has also revealed an unexpected finding that microtubule dynamics 
can be regulated through tubulin exchange along the microtubule shaft. I hope that these 
outcomes will contribute to the exploration of the interplay between intrinsic and extrinsic 
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